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Abstract  
 This work develops a method to use an aqueous dosimeter in a mixed radiation field 
to determine separate measurements of neutron and gamma dose.  Based on radiolysis of 
both Fricke and Methyl Viologen (MV) solutions, activation analysis and reactor simulation 
are combined to determine neutron dose and neutron radiolysis.  This is subtracted from the 
total measured radiolysis to infer a gamma dose.  The Fricke dosimeter was able to give 
repeatable results for the neutron and gamma doses over a number of days for a variety of 
shielding configurations. Impurities in the MV dosimeter prevented it from providing 
repeatable results, but qualitative comparison to the Fricke dosimeter indicated that it could 
be a viable approach.  The method found that the reactor simulation, using MCNP5, can be 
used for accurate neutron simulations but does not account for all the source terms for 
gamma dose simulation. A neutron G-value for the Fricke dosimeter was developed by 
combining proton radiolysis simulations with results from MCNP5 and NJOY. 
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1  Introduction 
 This work studies the development of aqueous dosimeters for use in a mixed field 
radiation environment, with the goal of determining the ratio of neutron dose to gamma dose 
over a range of neutron-to-gamma dose ratios. There are many types of dosimeters available 
today for pure gamma radiation, but a limited number for mixed (neutron and gamma) 
radiation. Chemical aqueous dosimeters (methyl viologen and Fricke) that have been 
established for gamma radiation have been tested in this research using a mixed radiation 
field to test the response to neutrons. Through the use of MCNP5 and neutron activation 
analysis, the dosimeters validity for mixed radiation was established, including the ability to 
identify the total absorbed dose, the absorbed dose due to neutrons, and the absorbed dose 
due to gammas. The results will help characterize the radiation environment for in various 
areas near the core in the University of Wisconsin-Madison Nuclear Reactor (UWNR). 
 The goal of this research is to develop a method to use an aqueous dosimeter in a 
mixed radiation field to determine the n/γ ratio. The dosimeter must be able to distinguish 
between neutron dose and gamma dose, and the method entails using neutron activation 
analysis to identify the neutron dose. The method will also compare results with Monte Carlo 
simulations to explore validity for gamma dose simulations. Since aqueous dosimeters have 
not been used extensively in neutron environments, a neutron G-value will also be 
developed.  
Following an overview of dosimetry options and radiolysis in chapter 2, the detailed 
development of dosimeters based on Fricke and methyl viologen solutions will be described.  
Chapter 3 introduces the experimental procedure that will be used to first characterize and 
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then evaluate the effectiveness of the dosimeters, with reference to the available irradiation 
facilities.  This chapter concludes with a discussion of the constraints on the dosimeter design 
and a description of the process for preparing the dosimeters.  The specific analysis 
methodologies used to separate the neutron and gamma dose are described in chapter 4, 
including the simulation and measurement techniques that support these methodologies.  In 
chapter 5, after a characterizing a number of important properties of the dosimeters, results 
for the evaluation as a mixed field dosimeter are presented and discussed. 
1.1 Dosimetry 
 Radiation is around us everyday, but certain occupations involve radioactive 
environments that need to be monitored. Radiation can affect everything from chromosomes 
to structural integrity of building materials. Radiation can be in the form of gamma rays, 
neutrons, beta or alpha particles. Depending upon the source, there might only be one type of 
radiation of concern or there could be a mixture. Regardless of which type, it is always of 
interest to know the amount of radiation in an area or absorbed by equipment or personnel. 
The radiation may be actively monitored by electronic detectors, or can be integrated over a 
time period by a passive method. 
Accurate determination of gamma and neutron doses in a mixed neutron/gamma field 
is important to determine the overall dose received by different instruments and samples 
placed into research reactor cores. The ratios of neutrons to gammas are also important in 
medical applications using mixed beam sources and possibly in power reactors to determine 
radiation damage and to control the radiation induced chemistry within cooling water. 
Identifying the neutron contribution in mixed-field radiation is difficult due to different 
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isotopes probability of interactions with neutrons. Each isotope has different cross-sections, 
the likelihood of interaction between particles, for various reactions with neutrons, scattering, 
absorption, etc. Neutrons only interact with the nucleus of an atom whereas gamma rays can 
also interact with the atomic electrons. Some current techniques utilize the different cross-
sections of isotopes in order to find the neutron dose, for example two detectors can be 
coupled together if one is sensitive to neutrons (such as Li6 TLD) and the other is insensitive 
to neutrons (a Li7 TLD). Since both detectors are sensitive to gamma radiation, the difference 
in their absorbed dose is contributed to neutrons (more discussion in section 2.1.1) 
There are many different types of methods for measuring the radiation dose of 
gamma rays but limited methods for measuring mixed-field radiation. Primarily, ionization 
chambers and calorimeters are used. Secondary methods, such as films, solid-state detectors, 
biological dosimeters, and radiolysis (chemical reactions) methods, are becoming more 
widely used. Most of these types of dosimeters are mainly used for gamma dosimetry, some 
have been tested in mixed-field radiation but their response to neutron radiation is unknown 
or unreliable.  
Solid-state detectors such as thermoluminescent dosimeter (TLD) chips are used at 
most radiation facilities to track the dose received by employees. Other solid-state systems 
such as alanine ESR Dosimetry and radiochromic films are gaining in popularity. Solid-state 
systems are generally considered more convenient since no solutions have to be dealt with. 
Such systems may require expensive measuring equipment (over $200,000 for TLDs, see 
section 2.1.1) or require the user to send the dosimeter away to be read. Solid-state systems 
are generally considered not to be an absolute dosimeter since they require calibration curves 
to analyze the data. Another drawback for solid-state system is that they are solid, meaning 
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that they may not fit in the desired location due to geometric constraints even if they are only 
a few centimeters square.  
Aqueous or liquid dosimeters have many appealing aspects. Unlike the 
aforementioned solid-state detectors, aqueous dosimeters can be designed to accommodate 
many systems and give results quickly and cost-effectively. The solution can directly replace 
the target of interest or it can be placed into a flowing system. Aqueous dosimeters are 
absolute dosimeters which allow them to be implemented quickly across many radiation 
facilities. The basis of the new methyl viologen dosimeter makes use of radiolysis of distilled 
deoxygenated water at low temperatures where the G-values (number of molecules produced 
per absorbed energy of 100eV) for gammas and neutrons are well known. Establishing a G 
value for the radiation in an area requires previous knowledge of the radiation or another 
simulation (MCNP5) but once the G value is established, the dosimeter can be used without 
the need for calibration curves.  
Aqueous dosimeters are ideal for nuclear power or biological applications. It can be 
assumed that the radiation primarily interacts with water in the aqueous solution and the 
interactions with the other constituents are negligible. Therefore, the dose received by the 
dosimeter is equivalent to the dose received by the coolant in a nuclear reactor or the dose 
received by soft tissue at medical facilities.  
 
1.2  Motivations 
Recent experiments, including the Supercritical Water and Radiography experiments, 
on the UWNR have paid much attention to the gamma flux associated with the core. The 
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Supercritical Water Experiment (SCWE) is studying radiolysis of water under supercritical 
conditions. In order to accomplish this, a loop was created with a variety of heaters and 
pumps to have a flowing system of supercritical water. The loop was then placed in a beam 
port of the University of Wisconsin-Madison Nuclear Reactor (UWNR) to simulate the harsh 
environment of a nuclear reactor core [9].  
The SCWE’s main purpose is to look at the possible corrosion of piping in a 
supercritical water reactor (SCWR). This is of great concern because experience gained from 
supercritical coal power plants have shown that corrosion in the piping far exceeds the 
corrosion associated with sub-critical Rankine cycles [9]. If corrosion is increased in a coal 
power plant due to only supercritical water conditions, the high levels of radiation associated 
with a nuclear reactor could increase the radiolysis effects on water resulting in an increase 
oxygen levels creating a more detrimental chemical potential. This effect is of concern due to 
the thin wall of the fuel cladding and the possibility of numerous fuel failures. Material 
research is already in progress to determine the best material for fuel cladding, but to better 
simulate the environment, water radiolysis must be analyzed to find the exact water 
chemistry that the material will be exposed to.  
Radiolysis can be caused from neutrons, photons, or electrons, all three of which are 
in a nuclear reactor core. When an interaction with one of the three occurs with enough 
energy transferred to the water molecule a reactive radical can be formed through the 
following reaction. 
Reaction 1.1 
−−⎯⎯ →⎯ 222222 ,,,,,, OorHOOHHOHHeOH aqradiation      
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These radicals can recombine, react with unbroken water molecules, or react with other 
material if the event takes place near a surface (possibly piping, cladding, pressure vessel, 
etc). In order to better predict the water chemistry, the amount of energy deposited to the 
water by neutrons, photons, and electrons must be known.  
The SCWE results observed more total dose than was predicted by the MCNP5 
models. It has been shown that MCNP5 models neutrons accurately through previous 
experiments. This implies that there was more dose received from gamma radiation than 
MCNP5 predicted. A TLD experiment followed up to map the gamma flux throughout the 
reactor, but the dose received by the water was still unknown since neutrons deposit  
different amounts of energy with water than they do with the TLD material. The TLD will 
display the number of interactions with neutrons and therefore the neutron flux, but it only 
provides the amount of energy deposited to the water by using a correlation. An aqueous 
dosimeter was needed to find the energy deposition for the SCWE and to separate the 
received dose into neutron and gamma contributions.  
Making use of the fundamental techniques of water radiolysis, which are known at 
low temperatures, it was theorized that a dosimeter could be created based on these principles 
and used to simply and accurately determine both the neutron and gamma flux, which can be 
obtained via the absorbed dose. The dosimeter will not be under supercritical conditions, but 
the SCWE can be run at sub-critical conditions, which allows the SCWE to be compared to 
the dosimeter. The neutron dose will be subtracted from the total dose by combining neutron 
activation analysis and a MCNP correlation, leaving the gamma dose.  
A program was developed to determine the feasibility of using radiolysis techniques 
for mixed spectrum dosimetry. If proven feasible, a secondary motivation is that the results 
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can be used to create a correlation from the MCNP5 model of the UWNR. It will also create 
data for the possible correction of MCNP5’s short comings with respect to in-core gamma 
radiation. The MV dosimeter may also be implemented into the curriculum of the reactor 
laboratory at the University of Wisconsin-Madison because of the advantage of having an 
optical change in the visible spectrum. 
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2  Background 
2.1  Dosimeters 
2.1.1  Thermoluminescent Dosimeters (TLDs)  
Thermoluminescent Dosimeters (TLDs) are one of the most commonly used 
dosimeters in a variety of industries; nuclear power, radiation facilities, and medical 
facilities. TLDs are inorganic crystals with a high concentration of trapping centers in the 
band gap. There are a variety of crystals available, CaSO4:Mn, LiF:Mg, CaF2, CaF2:Mn, 
some show different sensitivities, but all are based on the same concept. When exposed to 
ionizing radiation, electrons are excited from the valence band into the conduction band and 
then are captured at nearby trapping centers. Since the trapping center’s energy level is far 
below the conduction band energy level, there is a very small probability that the electron 
will thermally escape and recombine with the hole. Holes are created by the removal of the 
electrons due to incident radiation. Holes will migrate through the crystal until it reaches a 
hole trap. This process occurs for each incident radiation particle if the TLD is 100% 
efficient; therefore TLDs serve as an integral dosimeter.  
In order to measure the total absorbed dose, the TLD is placed in a stream of heated 
gas or on a heated support. The temperature is raised linearly up to a temperature of 300-400 
oC. This is done to provide enough thermal energy for the trapped electron-hole pair to 
overcome the energy difference between the trap and the conduction or valence band. Once 
that energy difference has been overcome, the pairs recombine and radiate a photon. The 
total number of photons emitted in this process is proportional to the dose absorbed by the 
TLD [29]. Since the reading is proportional to the absorbed dose, a second TLD is irradiated 
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by a previously calibrated source and compared to the unknown source, which is in contrast 
to the Fricke and other aqueous dosimeters. One benefit of TLDs is that the reading process 
also “zeroes” the detector, allowing it to be used again.  
While TLDs are almost 100% efficient for gamma radiation, the dose received due to 
neutron radiation is very difficult to distinguish from the photon dose. Contributions from 
neutrons can be, but are not limited to, secondary gammas produced in TLD material, decay 
of activation products in TLD and housing material, and the direct neutron dose. Analysis 
was done for CaF2:Mn in six different neutron fields. The largest contribution from neutrons 
(~13%) was found in the most moderated neutron spectrum and most of the neutron dose 
observed was from the activation of the aluminum housing that was used [6].  
An important aspect that makes TLDs good dosimeters is because they are very 
stable. There are two types of stability, pre-irradiation and post-irradiation; both are 
important aspects for allowing standardization and calibration. TLDs do not rely on 
complicated chemical reactions and are therefore stable for an indefinite amount of time pre-
irradiation. Since there is always background radiation, the longer a TLD sits the more of a 
buildup occurs. TLDs from Global Dosimetry Solutions, INC are always put through at least 
one annealing run in order to eliminate the signal buildup [41]. TLDs are stable enough post 
irradiation that they can be sent off-site to be analyzed, but a TLD does typically fade over 
time. There can be up to 20 to 30% dose degradation over a year, but there is negligible 
degradation in a month and minimal degradation in a quarter (3 months), but degradation can 
be accounted for by another correction factor. 
A significant disadvantage is that TLDs alone cannot result in an accurate dose 
assessment without prior knowledge of the prospective neutron energies. Once the neutron 
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energies are known, a neutron correction factor can be applied to accurately reflect the 
neutron dose. Thermal neutrons are typically easier to monitor by irradiating two TLDs that 
have different neutron sensitivities, but TLDs do exist (CR-39) that are energy independent 
that can measure neutrons up to 15 to 20 MeV with the normal calibrations to a high 
accuracy (<2%) [41].  
TLDs are commercially available for both environment and personal dosimetry. The 
chips are typically changed out monthly or quarterly for two reasons: 1) so employees know 
how much dose they have received and 2) so the TLD does not become saturated. These 
dosimeters are not usable for measuring high doses (nuclear reactors or radiotherapy 
equipment) because they would become saturated and display a lower dose than actually 
received. While normal personal dosimeters are valid up to 1000 rad, special dosimeters can 
be manufactured at much higher cost to be valid up to 50,000 rad. TLDs are generally not 
examined on-site, but sent out to be analyzed by another company. This helps defray the 
initial cost of buying the TLD reader (~$175,000 per reader for a Harshaw 8800). Aside from 
the reader, a company would also need to pay for maintenance (~$5k-10k/yr), inventory of 
TLDs (~$25/TLD including holder), proficiency tests (~$60,000/yr), and pure liquid nitrogen 
(~$40-60,000/yr) for eliminating impurities and cooling the sample reader. 
Sending TLDs off-site results in lower capital costs but results in an increase in 
monthly fees as well as longer delays until results are returned to personnel. Results can be 
assessed online in as little as five days after arrival at reading site or around 10 days after 
arrival if sent through the mail [41]. A typical monthly cost for TLDs depends on the number 
of TLDs in use by the company. For large companies, TLDs can cost as little as $10 per 
employee per year, where as for small companies TLDs can cost up to $20 per badge ($240 
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per employee per year if badged monthly). By reading the TLD, the TLD is reset to the zero 
point and the TLD can be reused, which is cost effective for the parent company.  
 
2.1.2 Methyl Viologen 
 The main advantage of aqueous dosimeters is that they are close to atomic 
composition and density to many systems of interest (reactor coolant, body tissue, etc.). 
Radiolytic yields can be estimated by introducing a scavenging system into the water. Methyl 
viologen (1,1’-dimethyl-4,4’-bypyridinium dichloride) reacts with radiolysis products to 
create ionic species that can be detected via absorption spectroscopy. Methyl viologen was 
chosen because the cation radical, MV+, has a high absorption coefficient in the visible 
spectrum. An advantage of MV+ is that it has a good thermal stability [31] up to 200 oC so 
the exact temperature of the dosimeter has a reduced importance and the absorption 
coefficient can be assumed to be constant over the range of this experiment (sub-boiling).  
 In an aqueous solution containing methyl viologen and a sodium formate buffer, the 
following reactions take place [31]: 
Reaction 2.1 
+•+− →+ MVMVeaq 2           
Reaction 2.2 
OHCOOHCOOOH 2+→+ −•−         
Reaction 2.3 
2HCOOHCOOH +→+ −•−         
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Reaction 2.4 
2
2 COMVMVCOO +→+ +•+−•         
The rate constants for equations 16 through 19 are 8.3x1010, 3.2x109, 2.1x108, and 1x1010 M-1 
s-1 respectively [31].  The MV2+ is directly reduced by an aqueous electron to MV+, but the H 
and OH radicals do not directly convert MV2+. The sodium formate reacts with the hydrogen 
hydroxyl radicals to form a radical carbon dioxide which converts MV2+ to MV+.  
 The absorption spectrum of the solution is then measured with a spectrophotometer to 
determine the concentration of MV+. To calibrate the dose, the G-value of the mixture is 
determined with the following equation: 
Equation 2-1 
⎟⎟⎠
⎞⎜⎜⎝
⎛
∗∗∗∗= CDL
ODGtot ρε ,                                          
where OD is the measured optical density of the solution at a specific wavelength, L is the 
optical path length of the sample, ε is the optical absorption coefficient at a specific 
wavelength, ρ is the density of the solution, D is a known dose and C is a constant: 
Equation 2-2 
100/1 ××= −eNC A ,           
where NA is Avogadro’s number and e- is the charge on an electron.  
The MV+ has two distinct peaks when observed with a spectrophotometer, one peak 
at 380 nm and one at 605 nm. The 605 nm peak is of more interest since it is farther into the 
visible spectrum but still has a large absorption coefficient, 13,100 M-1 cm-1 [28]. The large 
absorption coefficient allows for small doses to be measured. When large doses are to be 
measured, aqueous dosimeters show their versatility over a TLD. Since the absorption is 
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proportional to the cell pathlength or the extinction coefficient, optical saturation can be 
avoided by either using a shorter pathlength or shifting the wavelength of interest (discussed 
more in Section 4.3.1).  
 
2.1.3 Fricke Dosimeter 
 The most used aqueous chemical dosimeter is the Fricke dosimeter, which utilizes the 
ferrous ion. It uses different reactions, but the same water radicals, as those specified for the 
MV dosimeter, and has different reaction rates. The system is an aerated dilute solution 
(0.001 M) of ferrous sulfate in 0.4 M sulfuric acid. One disadvantage is the acidic nature of 
this dosimeter means that extra safety measures must be made when handling the corrosive 
and hazardous solution. The solution also needs to be pre-saturated with oxygen for proper 
detection. 
When irradiated, the ferrous ions are converted to ferric ions. The ferric ions can be 
analyzed via absorption spectroscopy, which is quicker than and just as accurate as chemical 
titration. Absorption spectroscopy utilizes the UV peak at 304 nm with an absorption 
coefficient of 2197 M-1 cm-1 [16]. For greater sensitivity, the UV peak at 224 nm can be 
used, but then the absorption due to Fe2+ is not negligible and the background signal 
increases by almost a factor of four (0.085 at 224 nm compared to 0.023 at 304 nm) [44].  
 A drawback to the Fricke dosimeter is that it is sensitive to organic impurities. 
Sodium chloride can be added to the system to desensitize it, but then the dosimeter shows a 
much more pronounced dependence on the dose rate [16]. Most testing with Fricke 
dosimeters have involved electrons or gamma rays, very little testing has been done with 
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neutrons or in mixed-field radiation. Another disadvantage is that the linearity of the 
dosimeter may cease once the dissolved oxygen in the solution is depleted; this can lead to 
unforeseen errors if the total dose is large or if the dose rate is too large. Once the oxygen is 
depleted, the G(Fe3+) drops from 15.6 to 8.2, the G-value signifies the number of radicals that 
are created for every 100 eV of absorbed dose.  
 The Fricke dosimeter is valid from 40 to 500 Gy [17]. The upper limit can be 
extended to 10,000 Gy by increasing the concentration of the ferrous ion to 0.05 M while 
constantly bubbling oxygen into the system [19]. The lower limit can be extended to 4 Gy by 
extending the pathlength of the cell to 10 cm. It can be lowered further, to 1 Gy, by 
extracting or separating the ferric ion, but impurities and oxidation increases the uncertainty 
[18].  
 Radiation can have energies ranging from 10-keV to 16-MeV. Over the range of 10-
keV to 600-keV, G(Fe3+) rises gradually from 13.8 to 15.6, so the effective energy of the 
radiation must be known so proper corrections can be implemented. For long exposure times 
(>5 sec), G(Fe3+) is independent of dose rate between 0.001 and 40 Gy/sec while pulsed dose 
rates can be extended up to 2x106 Gy/sec [16].  
 If implemented on a sizable scale, the Fricke dosimeter is cost competitive to other 
dosimetry techniques. Initial funds are needed to buy a spectrophotometer as well as the 
chemicals and cuvettes, but cuvettes can be reused and large batches of the solution can be 
mixed ahead of time and stored under proper conditions (in darkness and refrigeration to 
minimize oxidation). Results can be obtained almost instantaneously by inserting the cuvette 
into the spectrophotometer on site, which is optimal compared to the month delay associated 
with TLDs. 
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 Unlike the TLD, the Fricke dosimeter depends on chemical reactions so stability 
becomes more of a concern. The 0.001 M FeSO4 solution can be mixed in advance since the 
spontaneous oxidation rate is 2x10-6 M/day at room temperature. This allows for larger 
batches of the solution to be prepared to eliminate the task of making a new solution for each 
sample. Because of the ability to analyze the dosimeter on site and the quick results 
associated with the spectrophotometric technique, post-irradiation stability has not been a 
focus of research. 
 
2.1.4  Other Aqueous Dosimeters  
2.1.4.1 Iodide/Iodate Aqueous Solution 
 The Fricke dosimeter, mentioned above, has been the most used aqueous dosimeter to 
date. Research continues in hopes of finding a mixture that has fewer handling concerns as 
well as a broader range of detection. The radiation chemistry of iodide solutions has been 
well studied [25], so the step to a dosimeter solution was a natural progression.  
 The chemistry of an iodide solution is very similar to that of a Fricke dosimeter. The 
iodate is an electron scavenger that reacts with aqueous electrons, therefore preventing the 
aqueous electron from recombining with the iodide and increases the likelihood of converting 
iodine atoms into triiodide. The iodide solution employs spectrophotometric analysis similar 
to that of the Fricke dosimeter. The triiodide has an absorption peak at 352 nm with a molar 
absorptivity coefficient of 27,600 M-1 cm-1 for 0.6M iodide solution[44]. To compensate for 
that large of an absorption coefficient, Rahn used two different optical pathlengths, one 
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millimeter and one centimeter, as well as studying a range of wavelengths, 300 to 450 
nanometers[44]. 
 While the iodide solution has not been tested in a mixed neutron/gamma 
environment, the chemistry behind its response should allow for its use. Rahn reported that 
“the response of the standard iodide/iodate dosimeter appears to be independent of type of 
radiation (gamma vs. electron), the quality of the radiation (photon energy), and the rate at 
which energy is being delivered (pulsed vs. continuous).” One drawback to the iodide/iodate 
solution is that it is not very stable. While the iodate solution can be premixed for weeks with 
no change, once iodide is added, the resulting solution begins to have spontaneous thermal 
oxidation. The absorbance increases at a rate of 1.0 per week [45]. Since chemical dosimeters 
measure total dose, the solution can still be used if a pre-irradiation correction is 
implemented.  
 According to Rahn, the iodide/iodate dosimeter has a detection lower limit of 0.25 
Gy[44], two orders of magnitude better than the standard Fricke dosimeter. This is mainly 
due to the iodate having an absorption coefficient at the peak of interest that is an order of 
magnitude larger than the ferric ion (27,590 M-1 cm-1 v. 2197 M-1 cm-1). The upper range of 
linearity is 6000 Gy, an order of magnitude higher than the Fricke dosimeter. Dose rates were 
not explicitly studied by Rahn, but dose rates of 3.5 and 61.8 Gy/min were used.  
 The cost of implementing this dosimeter would be comparable to that of the Fricke 
dosimeter. Both use spectrophotometers, cuvettes, and small concentrations of chemicals. 
The iodide/iodate dosimeter would be better for those looking for a broader range of 
detection as well as decreasing safety concerns. The iodate solution can be stored prior to 
irradiation for weeks, but once the iodide is added, spontaneous oxidation causes the optical 
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absorbance to increase by 1.0 per week using a 1-cm pathlength cuvette[44]. Post-irradiation 
stability was not studied since results could be obtained quickly without the need to ship 
dosimeters elsewhere to be read.  
2.1.4.2 Phenylacetic Acid Solution 
 The use of phenylacetic acid solution as a dosimeter stems from the same basic 
principles as that of the Fricke and iodide dosimeters mentioned above, but it uses 
fluorescence spectrophotometry. Fluorescence spectrophotometry is an especially sensitive 
analytical technique which allows for much lower doses to be measured than those of the 
Fricke dosimeter. Most photofluorescence dosimetry solutions involve organic aromatic 
carboxylic acids that have a “OH group situated on the benzene ring at the carbon atom 
adjacent to that bearing the carboxylic group [27].” When irradiated, a hydroxyl radical will 
react with a carbon on the benzene ring and yield hydrophenylacetic acid, which has an 
emission peak at 310 nm. 
 Analysis done with a spectrofluorimeter is very similar to those done with a 
spectrophotometer. Analysis can be done either by focusing on the peak height (at 310 nm) 
or analyzing the area under the curve. Background noise is similarly subtracted out by 
analyzing an unirradiated sample. Khan reported that this solution is a linear function with 
respect to absorbed dose over a range of 0.5-25 Gy, which is about 10 times more sensitive 
than a Fricke dosimeter but comparable to the iodide/iodate dosimeter.  
 The solution is dependent upon how the irradiation is received. As the dose rates 
increased, the region of linearity decreased. Dose rates of 2.5 and 67 Gy/min had a linear 
response up to 135 Gy while a dose rate of 170 Gy/min was only linear up to 100 Gy. These 
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numbers attest to the fact that fluorescent dosimeter are better fits for low absorbed doses as 
well as low dose rates due to the intensely photofluorescing compounds.  
 Phenylacetic acid solution is very stable, up to 40 days, pre-irradiation, which allows 
for large batches or numerous dosimeters to be produced at the same time. The solution can 
be stored at room temperature in darkness or under white fluorescent lighting without 
adverse effects. Post-irradiation, the solution is only stable (within 10%) at room temperature 
for four days after irradiation. If the sample is refrigerated, reproducible results can be 
obtained up to 30 days later[27]. The post-irradiation instability of phenylacetic acid is 
actually less severe than that observed with other fluorescence dosimeters. Benzoic acid 
aqueous solution sees an increase in fluorescence [34] while trimesic acid and sodium 
terephthalate aqueous solutions [32, 33] show faster fading than phenylacetic acid. The cost 
is comparable but slightly more expensive than the Fricke dosimeter due to the advanced 
equipment. When the limited range is taken into account, the phenylacetic acid dosimeter has 
limited capabilities compared to TLDs, Fricke, or iodide/iodate dosimeter. 
 
2.1.5 Limitations of Dosimeters 
All dosimeters are faced with limitations for which they are governed by including 
dose rates, type of irradiation, and temperatures. Dose rates are generally not a concern until 
they become very high. The dose rate response is dependent upon the reaction rates 
associated with the chemical reactions as well as the recombination reactions. The only 
research where dose rates became an issue was with the phenylacetic acid solution when they 
attempted to apply the total dose in less than one minute.  
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The type of radiation a dosimeter is valid for is of concern since we are introducing 
the dosimeter into a mixed radiation field. All of the dosimeters are valid for gamma/x-rays. 
Aqueous chemical dosimeters would be valid for all types of radiation, neutrons, alphas, 
betas, as long as their deposited energy is large enough to cause a radiolysis event to occur. 
Since radiolysis events require a fair amount of energy, aqueous dosimeters are more useful 
for higher energy radiations. They are able to handle a range of radiation energies since the 
G-value is only dependent on absorbed energy.  
Each dosimeter has their own temperature dependence. Most dosimeters are used in 
room temperature conditions, but if other conditions are desired, they must be tested ahead of 
time. TLDs are analyzed by heating them up, so if they are to be used at elevated 
temperatures they must be corrected for any signal degradation. Most aqueous dosimeters 
also break down under elevated temperatures (i.e. 250 oC at 25 MPa).  
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Technique 
 
TLD MV Fricke Iodide/iodate Phenylacetic 
 
Dose Range 
 
>1e-4 Gy 
<10 Gy 
<500 Gy* 
>3 Gy   [46] 
To be tested 
>40 Gy 
<500 Gy 
>0.25 Gy 
<6000 Gy 
>0.5 Gy 
<100 Gy** 
Cost Too expensive for onsite analysis 
Comparable 
(purchase spectrophotometer, cuvette, and chemicals for solution). 
Ease of Use Non-acidic Non-hazardous Solution 
Use of 
concentrated 
sulfuric acid 
Solution 
slightly alkaline 
(pH 9.25) 
Solution acidic 
(pH 3) 
 
Accuracy 
 
Less than 5% 
Normally less than 1% To be tested <1% Not quoted ±2% 
Mixed 
Radiation 
Find neutron 
contribution by 
coupling two detectors 
Not tested 
Stability 
Pre-irradiation Very Stable Stable 2x10
-6 M/day 
Increase in 
absorbance of 
1.0/week 
40 days 
 
Post-irradiation 
 
Very Stable To be tested Not tested Not tested 4 days 
Table 1. Comparison of dosimetry techniques. 
 
* - Upper limit for specially manufactured high dose TLDs. 
** - Upper limit is dependent upon dose rate. The 100 Gy upper limit is for a dose rate of 170 Gy/min, the upper limit is extended 
to 135 Gy if the dose rate is 67 Gy/min or less. 
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2.2 Chemistry  
 
2.2.1 Radiolysis of Water 
 Radiolysis is the dissociation of water molecules due to an interaction with radiation. 
The way the energy is transferred from the radiation to the water affects the radiation 
chemistry of the water. Neutrons will affect water molecules differently than gamma 
particles since they have high- and low-linear energy transfer (LET) respectively. Four 
different tracks have been identified by Spinks & Woods[47] based upon the amount of 
radiation energy transferred to the electrons. The four tracks are: branch tracks (>5000 eV), 
short tracks (500-5000 eV), blobs (100-500 eV), and spurs (6-100 eV). Since spurs have the 
lowest amount of energy transferred, they are typified by gamma-electron interactions that do 
not travel far from their secondary electrons.  
 
 
 
 
 
 
 
 
 
Figure 1. A graphic representation of the aforementioned kinds of ionizing events along a primary track 
of a fast electron [47]. 
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When spurs overlap, they create blobs, which are typified by spherical collections of 
molecules and ions, either of which can be in an excited or ground state. Short tracks are 
comprised of both blobs and spurs group in a columnar fashion. The column appears because 
the parent radiation creates blobs and spurs along its flight path, which are much longer 
distances than a blob due to its greater energy.  
 The three aforementioned tracks can all be found in the branch track. Branch tracks 
create densely populated regions of radicals due to the overlapping of short tracks, blobs, and 
spurs. When radicals are densely populated, the occurrence of inter-radical reactions 
increases. Branch tracks can be created by the neutron-hydrogen collision creating a high-
energy proton, but since neutrons go through a large range of energies, the resulting proton 
can have a large range of energies. Extrapolating the neutron radiolysis from the gamma 
radiolysis is not possible due to the densely populated tracks, therefore simulations of proton 
radiolysis from neutron-hydrogen reactions or neutron radiation experiments are required to 
find the neutron radiolysis. Neutron radiation studies are more difficult to perform than 
gamma or electron studies due to finding a source of neutrons, radiation levels, activation of 
materials/equipment, as well as the spectrum of gamma rays that may accompany a neutron 
(nuclear reactor).  
Reaction 2.5 
−− →+ 22 OeO aq           
Reaction 2.6 
22 HOHO →+           
Reaction 2.7 
22222 OOHHOHO +→+           
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Reaction 2.8 
OHOHOHH 222 +→+           
Reaction 2.9 
OHOHH 2222 2→+           
Reaction 2.10 
22 OOHOOH +→+ −−           
Reaction 2.11 
22222 OOHHOHO +→+           
Reaction 2.12 
OHOOH 222122 +→           
Reaction 2.13 
22OHOHOH →+            
Reaction 2.14 
−− →+ OHeOH aq            
Reaction 2.15 
OHOHeOH aq +→+ −−22           
Reaction 2.16 
2222 HOOHOHOH +→+           
Reaction 2.17 
( )OHeHOH aq 2+→+ −−           
Reaction 2.18 
OHHHOH 22 +→+           
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The aforementioned reactions react with constituents in aqueous dosimeters; the amount of 
products depends upon the G-value of that dosimeter. The G-value is defined as the number 
of molecules created per 100 eV of energy absorbed.  
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3 Experimental Facilities and Design 
 This chapter describes the overall experimental sequence used to first characterize the 
dosimeters and then evaluate their ability to distinguish varying neutron-to-gamma dose 
ratios.  The response of the radiolysis and scavenging chemistry needs to be determined 
experimentally, including the verification/measurement of G-values in known gamma 
irradiation environments, the linearity of the optical density response with absorbed dose, and 
the maximum absorbed dose that can be measured reliably.  Once this information is 
available, test in the mixed field environment of the UWNR can be performed with a range 
of shielding configurations intended to alter the neutron-to-gamma ratio.  Following details 
on the irradiation facilities, the design of the dosimeter will be discussed, accounting for the 
constraints imposed by those facilities.  A description of the process for preparing the 
dosimetry solutions and filling the dosimeters will also be given. 
 
3.1 Experiment Matrix 
 When designing a dosimeter, many properties of the dosimeter must be determined, 
most importantly the sensitivity and saturation limit. The dose limits were found by using the 
Linatron to give the samples a wide range of doses. This not only allows us to find the dose 
limits, it also allows us to confirm that the dosimeter shows a linear response with increases 
in absorbed dose. By analyzing when the dosimeter deviates from linearity, one can identify 
the maximum dose.  
 In order to test if the dosimeter will be valid in a variety of radiation environments, 
multiple radiation sources were used as well as multiple shielding configurations. Dosimeters 
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have been used extensively on pure gamma or x-ray sources, but mixed field radiation has 
seen little research and is therefore our area of emphasis. The ultimate goal is to be able to 
separate the gamma and neutron dose in a mixed field radiation. By identifying the different 
ratios observed with the different shielding configurations, the dosimeter can accurately 
distinguish between neutron and gamma radiation. The dosimeters can then be used in any 
region of the UWNR as well as any other reactor or mixed radiation field source to identify 
the respective gamma and neutron dose contributions.   
  The experiment matrix can be summarized in three steps as shown in Figure 2. The 
Fricke dosimeter was calibrated with a known gamma source and then used to calibrate the 
Linatron source and the accompanied MV samples. When the Fricke was confirmed valid, 
they were exposed to mixed radiation. As seen in Figure 2, the dosimeters need to be 
characterized and validated for both gamma and mixed radiation, the facilities that were used 
are described in chapter 3. 
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Figure 2 Flow chart of experimental facilities and the results they will provide. 
 
3.2 Calibrated Gamma Source 
 The University of Wisconsin-Madison Department of Medical Physics has a gamma 
source that is used for calibration of many medical detectors. The source is a Co-60 AECL 
El-Dorado 78 model, teletherapy source or irradiator. For the use in this research, a 20 x 20 
cm2 field at 100 cm (source to axis distance) was used. The absorbed dose to water rate was 
determined on August 28, 2007 (the day the irradiations were performed). The dose rate was 
calculated to be 0.9492 Gy/min. That calculation was performed using the well defined air 
kerma rate of 13.23 mGy/sec or 0.7938 Gy/min, and is traceable to NIST Air Kerma 
standards. The Medical Physics Department was able to fit a few series of calibrations of our 
dosimeters into their tight schedule, but extensive testing was not performed at this location.   
Co-60 Source 
 
-Calibrate Gγ for 
Fricke 
Linitron 
 
-Determine Gγ for MV 
- Linearity of MV 
-Stability of MV 
- Dose range for MV 
UWNR 
 
-Different Shieldings 
-Determine Gn 
-Identify different n/γ ratio 
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3.3 Linatron X-ray Source 
 For extensive gamma testings, an x-ray source (Linatron) from Varian, Inc. was used. 
The source was set to produce a spectrum of x-rays with an average energy of 9 MeV. The 
source beam has an angle of divergence of 30o. An oscilloscope was connected to the control 
panel allowing manual manipulation to keep the source steady. The Linatron was previously 
calibrated using a water phantom, but since our samples were irradiated in air a new 
calibration was performed. The Fricke solution is considered a standard, therefore it was used 
to develop a correlation between the control panel reading, the positioning of the samples, 
and the delivered dose.  
3.4 University of Wisconsin Nuclear Reactor Laboratory 
 The UWNR is a 1 MW TRIGA (Training, Research, Isotopes, General Atomic) 
reactor equipped with several irradiation experimental apparatuses. This facility has both in-
core and external-core (ex-core) irradiation positions. The in-core irradiation positions are the 
three hydraulic (“whale”) tubes and two irradiation baskets. The ex-core irradiation positions 
include a pneumatic (“rabbit”) tube, a thermal column with an  
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Figure 3. A cut-away view of the UWNR. standard TRIGA fuel core with grid box positions labeled. [51] 
 
irradiation tube, and four beam ports. The whale tube, rabbit tube, and beam ports are of 
greatest interest and will be describe in greater detail in sections 3.4.1 and 3.4.2.  
 The reactor core consists of 91 fuel elements, 23 bundles of 4 elements each, with 5 
graphite reflectors on each side. The fuel is TRIGA-FLIP fuel enriched to 70% 235U in a 
zirconium hydride matrix (U-ZrH1.6) with a 20 mill stainless steel cladding. The fuel is also 
enriched with 1.5 wt% natural erbium as a burnable poison. There are also three boral control 
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blades and one stainless steel control blade in the core [51]. The core is submersed under 
approximately 21 ft of demineralized light water which acts as a coolant and a radiation 
shield. The core is passively cooled through natural circulation and convection in the water.  
 
3.4.1 Hydraulic Irradiation Tube 
The Primary UWNR irradiation facility utilized for this experiment was the hydraulic 
irradiation tubes (or “whale” tube). The whale tube is a 3” OD, 2.5” ID aluminum tube 
whose bottom end fits into the grid plate and whose top end is fastened to the bridge structure 
to provide added support. The tube allows for 2.3” OD whale canisters to be inserted. The 
whale canisters come in a variety of heights (2.3”, 3.3”, 5.3”) in order to accommodate many 
sample sizes. A pump located beneath the bridge structure directs its flow to a jet pump near 
the bottom of the whale tube. This downward flow of water is sufficient to lower samples to 
the core centerline where they then come to rest. When irradiation is finished, the pump is 
turned off and the sample is able to float to the top where it can be retrieved by reactor staff. 
If the whale canister is unable to float, as is the case when lead shielding is added, the 
canister can be removed with a retriever tool or by attaching a wire or rope prior to insertion. 
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 Since the canisters are lowered using hydraulic force, it can take up to 30 seconds for 
a canister to be lowered to the irradiation position and brought back up to the pool surface. 
Due to this fact, the whale tube is only used for experiments with irradiations times of a few 
minutes up to hours. The longer the canister is left in irradiation position, the more the 
uncertainty associated with raising and lowering decreases. A longer  
Figure 4. Diagram of UWNR standard TRIGA fuel core with grid box positions labeled.[51] 
irradiation time implies that the sample will become more activated and possibly too 
radioactive for reactor staff to handle. Highly radioactive samples can be left in the whale 
tube surrounded by water until it has decayed to a safe handling level, which is why the 
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reactor has three whale tubes. The whale tubes are located in grid positions C2, C8, and E8, 
which are shown in figure 3 on the previous page.  
 Since the dosimeter irradiation times are only 15 minutes at low power (49.5 kW-
min) and do not become highly radioactive, they could be irradiated in either the whale or 
“rabbit” tube (described in the next section). Most of the irradiation was done in the whale 
tube due to its larger diameter, which allowed for different shielding arrangements. By 
adding shielding to the canister, it would not float anymore so manual extraction had to be an 
option, which is not an option when using the rabbit tube. The different shielding 
configurations yield a variety of mixed radiation environments that will identify if the 
dosimetry method is valid in any mixed radiation environment.  
 
3.4.2 Other Irradiation Facilities at UWNR 
 The pneumatic irradiation tube (or “rabbit tube”) is used for short irradiations of 
small samples. It can only hold samples up to 1.25” OD, 5.5” long, and weigh less than 12 
ounces. The rabbit tube is a closed loop that starts in a separate room outside of the reactor 
lab and runs into the reactor lab, into the reactor pool through the concrete biological shield, 
and delivers the canister to a position alongside the core below the beam ports. The rabbit 
tube can accommodate irradiation times as short as one second due to a timing uncertainty of 
a fraction of a second. It is mainly used for neutron activation analysis of short-lived 
radioisotopes where the whale tube would be too slow to produce desired results or for 
potentially highly radioactive samples where short times are used to reduce activity.  
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Automatic timing of irradiations are done at the control center where samples are 
inserted, dispatched and removed by reactor staff. Short irradiation times are implemented to 
minimize activation due to the fact that the sample is returned directly to reactor staff without 
being able to decay. Samples are inserted and removed automatically; therefore manually 
removing a sample that exceeds the weight limit is not possible. Due to size and weight 
constraints, shielding could not be added to the rabbit canister so this apparatus was not used. 
The high speeds associated with pneumatic applications deems this facility unusable for the 
MV dosimeter due to the fragile nature of 1mm quartz cuvettes.  
 Another irradiation facility is the beam port facility, which is four 6-inch penetrations 
through the concrete shield located at the core’s centerline (see Figure 4). Thermal and fast 
neutrons and gamma ray fluxes are incident on experiments in the beam ports similar to the 
rabbit and whale tubes, but shielding becomes a greater concern when using a beam port. 
When experiments are not inserted, a shielding plug constructed of dense concrete encased in 
aluminum is placed in the beam port to stop the beam of radiation. Experiments can only be 
inserted and removed while the reactor is shut down due to the minimal shielding. A shutter 
assembly made of lead can be lowered over the end of the beam port to stop the decay 
gammas, but if the reactor were operating, the neutrons would have a direct line of sight to 
the reactor staff maneuvering the experiment. 
Due to the shielding concerns, experiments inserted into the beam port can be 
manufactured to mimic a beam port plug or additional shielding can be installed along the 
outside of the reactor wall. The beam ports allow for larger samples to be irradiated as well 
as the samples to be irradiated for long times. The SCWE is located in one of the beam ports. 
It is modeled to fit into the beam port and stay in there for an extended period of time. It has 
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its own shielding setup consisting of lead and water. The SCWE is modeled as a flowing 
system, so even though the setup remains in the beam port for days at a time, samples can be 
extracted multiple times each day. The samples themselves are not highly radioactive since 
they are mainly water with possible trace concentrations and they are only in the irradiation 
volume for around 6 minutes. It was hoped that this research could characterize the radiation 
field seen by the SCWE, but the beam ports do not have easy access for inserting and 
removing samples during reactor operations, therefore it was not used.  
 
3.5 Dosimeter Design 
 When designing a dosimeter to use in the UWNR, many aspects had to be taken into 
account, such as reactor power level, readability of the samples, and materials in the samples.  
It was desirable to have the reactor power level above 1 kW in order to have the reactor in 
the linear region where total dose increases linearly with power level (at lower power levels 
the linear behavior deviates due to the larger contribution of decay gammas). The results at 
low power are to be used to extrapolate conditions at higher power levels by a linear 
relationship since the dosimeters would saturate at higher power levels.. 
It is important for the samples to be readable both by the spectrophotometer and the 
HPGe detector. For this reason, quartz cuvettes were used in place of plastic since plastic 
discolors under neutron bombardment, which would diminish the spectrophotometer 
readings. It is also very important to use quartz glass instead of borosilicate glass since 
borosilicate contains sodium, which contaminates the sodium signal from the solution. The 
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silica in quartz glass has a much shorter half-live compared to sodium, so the activation 
analysis was not affected detrimentally.  
Aside from materials concerns, there are three other factors dominating the design: 1) 
optical saturation with spectrophotometer, 2) reactor power in linearity region, and 3) 
chemical saturation of dosimeter. The desired dose necessary to obtain a suitable optical 
absorption signal in the spectrophotometer at 605 nm was calculated to be 370 Gy (~50 kW-
min). This dose was determined from eqn 22, with assumptions that the optical density (OD) 
should be between 0.3 and 2.0 for greatest optical efficiency, a G-value of 6 radicals per 100 
eV [26], ε (absorption coefficient) of 13,100 M-1cm-1 for the 605 nm peak [26], ρ (density) of 
1 g/cm3 and a path length L of 1 mm through the cuvette. In Equation 3-1, which is Equation 
2-1 rearranged, the path length L is the only variable that we can change in order to receive a 
higher dose while keeping the optical density constant [26]. A 1 mm sample will be used 
instead of a 10 mm sample because it allows us to expose the sample to a larger dose to the 
sample and run at higher powers (3.3 kW instead of 0.33 kW). The 3.3 kW will allow us to 
run for 15 minutes (to reduce uncertainty associated with insertion and removal of sample) 
while keeping the optical density in the desired range (also to reduce uncertainty associated 
with the optical measurement).  
The 3.3 kW was also desired to reach a power level where gamma and neutron dose 
would increase linearly with reactor power. At low power levels (less than 1 kW), the 
gammas from long-lived decay products contribute a significant fraction of the total gammas 
(>10%). A power level of 3.3 kW results in the prompt gammas, neutrons, and short-lived 
decay products greatly outnumbering the long-lived decay gammas, making the long-lived 
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decay gammas negligible (<5%). If the long-lived decay gammas are negligible, the absorbed 
dose scales linearly with reactor power.  
Equation 3-1 
710036.1 −×⋅⋅⋅=⋅ ρεG
ODLD  
Initial dose rates estimates were converted from those calculated from the 
Supercritical Water Loop located in one of the beam ports to the whale tube by multiplying 
the dose rates by a factor of 10. The neutron flux has been calculated to be 9.75 x 1011 
n/cm2/s in the irradiation volume of the SCWE which is 10 times less than the value of 1 x 
1013 n/cm2/s in the whale tube [9]. The neutron energy deposition has been measured in the 
SCWE to be 1.87 x 1016 eV/g/s in water; therefore a value of 1.87 x 1017 eV/g/s will be used 
for this analysis. The corresponding SCWE gamma ray energy deposition was found to be 
7.30 x 1016 eV/g/s at full power, therefore a value of 7.30 x 1017 eV/g/s will be used for this 
analysis. (These were used as approximate values in the thermal analysis to estimate the 
temperature of the sample due to gamma heating.) 
The only scenario in which we may exceed 370 Gy of (predicted) dose is if a different 
wavelength besides the 605 nm peak were to be analyzed, and then we could increase the 
would be limit due to heating to 500 kW. While heating is not a concern, dosimeter 
saturation becomes the limiting factor. The dosimeter saturation will result from chemical 
saturation of the solution and not optical saturation due to spectrophotometer capabilities. 
Chemical saturation means that the amount of scavengers consumed is large enough that the 
concentration has changed and therefore the G-value has changed and the dosimeter is no 
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longer valid. Optical saturation means that the absorbance has increased to a level (>3.0) that 
the detector is not receiving enough light to give an accurate reading.  
Each 0.45 mL quartz cuvette will be filled with a solution of water, 5 mM 
concentration of MV (C12H14Cl2N2 · xH2O), and 20 mM concentration of sodium formate 
(HCO2Na). From a chemistry standpoint, it was determined that we would not use over 10% 
of the possible scavenging agents. This was done to assure that the second order reactions 
would be minimal in comparison to the first order reactions. It also keeps the concentration 
of the scavenger at relatively the same order of magnitude during the irradiation allowing the 
G-value to be assumed constant.  
The cuvette is positioned in a polyethylene whale canister that was altered to ensure 
that the sample is fixed in the canister’s center as shown in Figure 5. A polyethylene disc 
with a divot in the center holds the bottom of the sample and another disc with a hole in the 
center was placed over the round neck of the sample.  
  
38
 
Figure 5. Schematic polyethylene canister used for irradiating the sample (units in inches). 
Different materials were added to test whether we can distinguish between different 
radiation fields. Since the MV sample will be positioned in the center of the canister as 
shown in figure 4, material can be placed around the sample to change the radiation 
environment seen by the sample to calibrate at different n/γ ratios. With no material present, 
the air does not stop gammas or moderate neutrons. Water can then be added to the space to 
moderate the fast neutrons.  Lead will be added to stop a portion of the gammas. Graphite 
will be added to reflect/moderate some of the neutrons to simulate another different radiation 
environment. For the dosimeter to be valid, the dosimeter must be capable of differentiating 
  
39
between different neutron to gamma ratios simulated by using different shielding/moderating 
material. 
The Fricke samples were designed similarly to the MV samples i.e. positioned in the 
center of the canister to allow room for shielding. The Fricke sample will be held in the 
center by a polyethylene disc and will use the same four shielding configurations as the MV 
(air, water, graphite, and lead). The standard Fricke dosimeter saturates at 500 Gy, so it was 
designed to absorb 370 Gy like the MV samples. After initial tests, irradiation times were 
shortened from 15 minutes (49.5 kW-min) to 10 minutes (33 kW-min) to make sure the 
samples did not approach saturation.  
The robust chemical nature of Fricke solution resulted in a different irradiation 
system. Since oxygen is an integral part of the chemical reactions, Fricke solution does not 
need to have air gases removed from the solution which led to the solution being placed in a 
plastic scintillation vial instead of a quartz cuvette. The use of a plastic vial removes the 
activation of the silica in the quartz and enables numerous samples to be run without 
purchasing expensive cuvettes. The vial was irradiated with 10 mL of sodium-doped Fricke 
solution (20 mM sodium sulfate, 0.4 M sulfuric acid, 1 mM iron sulfate) from which 3 mL 
was transferred into a standard quartz cuvette to be read on the spectrophotometer, and 
another 5 mL was transferred into a separate vial for activation analysis (see section 8.4 for 
transferring procedure). The Fricke solution could be transferred from the irradiation volume 
because exposure to air does not degrade the sample like air does to MV. 
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3.6 Sample Preparation 
3.6.1 Preparation of MV samples 
The methyl-viologen scavenging system involves very sensitive chemical reactions. 
In order to have valid, reproducible results, the entire system must be very clean and pure. 
Every step in the sample preparation procedure must be kept clean and only use high purity 
substances. 
In an effort to maintain a clean environment with no oxygen, the sample preparation 
apparatus consists of two main components. The main vertical tube of borosilicate glass was 
constructed with a spherical globe located at the bottom, then a horizontal tube of 
borosilicate glass connects to a quartz cuvette via a graded seal. The initial setup was 
manufactured by a glass blower at the University of Notre Dame. The cuvettes were 
purchased from NSG Precision Cells, Inc. in Farmingdale, NY.  
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Figure 6 Diagram of the sample apparatus. The apparatus can be made out of pure quartz (as shown) to 
remove the need for a graded seal. The bulb with MV solution is slowly submersed into a liquid nitrogen 
dewar in step 1 mentioned below. 
After having the full apparatus constructed, the apparatus needs to be cleaned and 
baked. For cleaning purposes, any industrial glass cleaner can be used and the accompanying 
directions followed. Then the glassware was rinsed out four times using high purity water. 
The glassware was then placed in an oven and baked at a temperature of 160 oC overnight. 
(Note: the glassware cleaning procedure should be used for any glassware involved in the 
process, including volumetric flasks). 
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The methyl-viologen solution was mixed manually on site. Water was obtained from 
the Notre Dame Radiation Laboratory’s distillation system. The system consists of an initial 
deionization stage followed by an organics pre-filter and then super deionized to 18 MΩ. The 
water then passes through an activated charcoal filter, which is a very important step due to 
the high sensitivity of MV to organic impurities. The water is then run through deep UV 
photolysis and recirculated. The water is dispensed from the recirculated loop. (Note: The 
chemicals used in this system were purchased from Sigma-Aldrich. The sodium formate used 
was Sodium formate 99.998% (metals basis) produced by Aldrich. The methyl-viologen used 
was Paraquat dichloride PESTANAL, analytical standard produced by Riedel-de Haën.) 
The solution is then transferred into the apparatus by using either Pastuer pipets or an 
Eppendorf pipetter as long as it is clean. The volume of solution is important if neutron 
activation analysis is to be performed on the sample, since the amount of activation is 
directly proportional to the amount of solution (holding the concentration and irradiation 
conditions constant). The apparatus can then be connected to a valve by using an Ultra-Torr 
fitting. The valve then connects to a vacuum pump (either a turbo pump or rotary pump may 
be used). Since a rotary vacuum pump was used for this setup, an oil trap submersed in liquid 
nitrogen was used to keep any impurities from contaminating the sample. 
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Figure 7 Diagram of vacuum pump setup. Liquid nitrogen is used to prevent any oil from the pump 
making it into the sample apparatus. 
Any excess oxygen and air was then removed from the apparatus/solution using the 
freeze-pump-thaw method, described below: 
1) With the valve closed, the bulb was submersed slowly into liquid nitrogen to 
freeze the solution 
2) After the solution was completely frozen, it is fully submersed into the liquid 
nitrogen 
3) The valve is then opened and the air is pumped out of the apparatus 
4) The valve is closed 
5) Solution is thawed (process was accelerated using a heat gun). Repeated steps 1-5 
four times.  
The bulb was used to distribute the associated stresses of the solution expanding from liquid 
to solid state. The bulb was sized large enough so that the solution would be below the 
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midpoint of the sphere. It is also important to freeze the solution from the bottom up and not 
the top down, since that could lead to breaking the bottom.  
 The solution has been purified, and it is ready to be transferred to the cuvette. The 
setup was designed to allow the valve to be separated from the tubing while maintaining the 
vacuum seal on the quartz apparatus. The apparatus was then tipped on its side to allow the 
solution to move from the bulb to the cuvette. The cuvette was then sealed by melting the 
quartz tube to create an airtight sample. The sample was then ready for a pre-irradiation dose 
applied by a short irradiation using the Linatron (the dose should be ~1 krad). Pre-dose 
cleans up any residual air or impurities by creating a small amount of radiolysis products that 
reacts with the impurities. The reactions become stable, allowing any further radiolysis 
products to follow only the aforementioned reactions. The pre-dose had only a minor change 
on the spectrum causing a very faint blue tint to develop in the samples.  
 
3.6.2 Preparation of Fricke samples 
The sample preparation for the Fricke solution was much simpler than that of the 
MV. The very clean water described above is desirable, but not required. These chemicals 
were likewise purchased from Sigma-Aldrich. The sodium sulfate used was ACS reagent, 
≥99.0%, anhydrous, powder produced by Sigma-Aldrich. The iron sulfate used was Iron(II) 
sulfate heptahydrate ReagentPlus, ≥99.0% also made by Sigma-Aldrich. The sulfuric acid 
was obtained from the University of Wisconsin-Madison Chemistry Department in a diluted 
form.  
  
45
 After preparing the desired amount, the solution was then placed in the irradiation 
container. For tests on the Linatron or at Medical Physics, the solution was placed directly 
into a cuvette (total volume was not a great concern as long as there was enough volume to 
yield a valid reading). For tests at the UWNR, the solution was measured using a 10 mL 
burette and placed into the plastic scintillation vial. The vial or cuvette was then ready to be 
irradiated (no pre-irradiation dose is required).  
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UWNR 
 
4 Methodology 
 A number of steps are required to determine the neutron-to-gamma dose ratio from 
the fundamental measurement of the change in optical density due to radiation exposure.  
Computational simulations are used first to infer the neutron dose from a neutron activation 
analysis, and then to predict the effect of this dose on the optical density.  Separating this 
neutron effect leaves a change in optical density due to gammas alone and the gamma dose 
can be inferred from the known G-value (refer to Figure 8).  This chapter describes the 
analysis methodology to separate the dose effects from the measured change in optical 
density and provides details on the simulation methodologies and experimental measurement 
techniques that support these methodologies. 
 
Figure 8 Flow chart of experimental test procedure and how we arrive at our result.  
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4.1 Analysis Techniques 
4.1.1 Neutron Dose Separation 
 In order to separate out the neutron dose, MCNP was relied upon to provide a 
correlation to convert activation into absorbed dose. By taking the ratio of the simulated 
energy deposition (tally (F6)) and the simulated reaction rate (tally (F4)) a multiplier is found 
which can convert measured activity to the absorbed dose  
Neutron activation analysis (NAA) was performed on the samples to find the number 
of atoms that became activated (see section 4.3.2 for description of neutron activation 
analysis). For performing NAA, a specific isotope had to be chosen that would yield 
sufficient activation for high efficiency. In the MV solution, we chose to use the sodium 
provided by the sodium formate. Sodium has a large thermal cross-section and a medium 
length half-life. The medium length half-life (14.959 hrs) is required since very short half-
lives tend to decay away before analysis can be performed and long half-lives do not provide 
enough counts per second, which leads to very long count times. Activity was calculated by 
using NAA and Equation 4-1, based on the measured count rate. The ratio of Na-24 to Na-23 
atoms was then calculated and a MCNP calibration factor (MCNPfactor) was used to calculate 
the energy deposition (Equation 4-2). 
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Sodium was in our MV solution, so NAA of a similar atom inherent to the Fricke 
solution was desired. While the Fe contained in the Fricke dosimeter offers a good activation 
source, it was found that any impurities in the iron sulfate, especially Mn-55, caused a lot of 
contamination. The thermal cross-section for Mn-55 is a few orders of magnitude larger than 
the fast cross-section for Fe-56, so even a fraction of a percent of Mn-55 contributes a 
substantial amount to the counts. Since the Fe-56 was not yielding valid results and there 
were not any other valid isotopes, another chemical had to be added to the Fricke solution to 
analyze the neutron dose. Since sodium was being used for the MV solution, sodium was 
added to the Fricke solution in the form of sodium sulfate. The addition of sodium sulfate 
will be examined later to see if it affects the chemistry (Section 5.1.1.1). Counting errors 
were less than 1% for the samples.  
 
4.1.2 Gamma dose Separation 
The aforementioned neutron dose is subtracted out from total dose to find the gamma 
dose. The main assumption here is that the gamma contribution and neutron contribution can 
be added together linearly in the form of Equation 4-3, which is the same as the equation 
mentioned in section 2.1.2 except the dose has been broken into both gamma and neutron 
contributions.  
Equation 4-3 
( )
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Since the total dose is not known for mixed field radiation, the separation begins with 
the neutron dose found from NAA and the MCNP correlation. The neutron dose is combined 
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with the calculated neutron G-value to find the neutron contribution to the absorbance. The 
total absorbance is known; therefore when the neutron absorbance is subtracted out, the 
gamma absorbance is left. The gamma absorbance is then converted to a dose by using the 
gamma G-value. This process is summarized by Equation 4-4.  
Equation 4-4 
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4.2 Simulation Techniques 
4.2.1 MCNP5 Model 
 The Monte Carlo Neutron Particle Transport Code, version 5 (MCNP5) is a 
probabilistic code designed primarily to simulate and track neutral particle transport but also 
has capabilities of tracking charged particles as well. This code allows for three dimensional 
modeling of objects and structures formed by using Boolean combination of surfaces. 
Volumes created from the surfaces can then be assigned a material with a certain density and 
chemical composition. 
  In order to simulate the irradiation of the dosimeter, an MCNP5 model was created. 
The UWNR model created by Paul Humrickhouse [23] was modified to include the whale 
tube, whale canister, dosimeter, and a variety of shielding material inside the whale canister. 
The 0.5 mM MV+ and 10 mM sodium formate solution was modeled with a density of 1.0 
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g/cm3 while the quartz (SiO2) cuvette had a density of 2.2 g/cm3. The whale canister was 
modeled as polyethylene with a density of 0.822 g/cm3. The whale tube itself was modeled as 
a 2.5” ID, 3” OD aluminum tube with a density of 2.7 g/cm3. A cut-away view of the 
irradiation volume can be seen in Figure 9. 
 
Figure 9. MCNP model of a sample in the irradiation position. The left portion is the Fricke solution in 
whale C8, and the right portion is the MV sample in whale E8. Both samples have air shielding. Materials 
identified in the shielding areas on separate runs were graphite (1.82 g/cm3), lead (11.34 g/cm3), water 
(1.0 g/cm3) and air (0.00123 g/cm3). 
To simulate the total dose received by the dosimeter, an energy deposition tally (F_6) 
was placed on the MV and Fricke solution volume. The energy deposition tally was used to 
find both the neutron and gamma energy deposition independent of each other. The results of 
these tallies are in MeV/g/N where N is the number of source neutrons. The results were then 
normalized by the mass of the solution for the MV solution (0.445 g) and for the Fricke 
solution (10.0 g), which yielded a result in MeV/N. The output was then normalized to MJ 
Fricke – C8 
MV – E8 
Shielding areas 
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per source neutron. The kcode/eigenvalue function of MCNP was utilized with a reactivity of 
1.00. Each shielding configuration had 10 runs of 100 cycles with 100,000 particles in each 
cycle yielding less than 1% statistical error for most cases.  
Using the aforementioned tallies and tally multipliers, one can get the amount of 
energy received per source neutron, which can then be converted to energy received per MW 
of reactor power. Table 2 shows the MCNP5 predictions for energy deposition for both 
gamma and neutrons as a function of particle energy. It can be seen from Table 2 that a vast 
majority of the energy deposited is from high energy (>100 keV) radiation. As expected, over 
97% of the activation events occur at the thermal or isothermal energy range. 
Previous experiments have shown that MCNP has some deficiencies in modeling 
gammas resulting from a fission event [9, 49]. Due to that fact, the gamma results from 
MCNP will only be used for comparison sake and not for direct calculations. If the method 
proves to be valid and can distinguish between neutron and gamma radiation, a correlation 
could be developed between MCNP and the UWNR. 
Table 2 Energy deposition as a function of particle energy for both neutron and gamma radiation as 
predicted by MCNP.  
 
Particle 
Energy 
[MeV] 
Energy 
Depositio
n 
[MeV/MJ] 
Activation 
Rate 
[rxn/MJ] 
  Particle Energy [MeV] 
Energy 
Deposition 
[MeV/MJ] 
2.53E-07 5.13E+08 3.93E-12  1.00E-01 1.22E+08 
1.00E-06 6.58E+06 4.81E-14  1.00E+00 3.53E+10 
1.00E-05 5.75E+06 3.00E-14  2.00E+01 1.56E+11 
1.00E-04 1.85E+07 8.84E-15  G
am
m
a 
total 1.91E+11 
1.00E-03 1.66E+08 3.49E-15     
1.00E-02 1.67E+09 1.74E-14     
1.00E-01 1.63E+10 8.73E-16     
1.00E+00 1.73E+11 9.32E-16     
1.00E+01 3.98E+11 3.19E-16     
2.00E+01 1.10E+09 5.68E-19     
N
eu
tro
n 
total 5.91E+11 4.04E-12     
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4.2.2 Neutron G-value 
 The Fricke dosimeter has been widely implemented as a standard when it comes to 
gamma radiation, but has seen limited use with neutron or mixed radiation fields. Since 
neutron interactions with matter are inherently different from gamma rays and most neutron 
sources are also gamma sources, more manipulations must be made to find the neutron G-
value compared to the gamma G-value. Neutron energy deposition begins when the neutron 
collides with the nucleus of a hydrogen atom in a water molecule (the oxygen atom has 
minimal contribution for energy deposition). The collision transfers energy to the hydrogen 
nucleus, a proton, which causes radiolysis by proton interactions. That interaction allows for 
neutron radiolysis to be simulated by proton radiolysis. 
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Figure 10 MCNP5 output for 100 group neutron flux for Fricke solution with a variety of shielding 
configurations 
The neutron G-value depends upon the PKA energy spectrum that is seen by the 
dosimeter; the G-value calculated for the UWNR may not be valid for other reactors or even 
different positions in the UWNR. The neutron energy spectrum was obtained by using a flux 
tally in the MCNP5 model. There were 100 energy bins implemented in the flux tally to 
allow for greater resolution which will reduce the error when the data is transferred to other 
programs. The results for the different shielding configurations can be seen in Figure 10. The 
shieldings show minimal differences at the high-energy range. This slight change will also 
show up in the MCNP correction factor, so the same neutron G-value can be used for all 
shielding configurations.  
The 100 group flux output was then input into the NJOY program to yield a hydrogen 
primary-knock-on-atom (PKA) spectrum. The PKA spectrum can be combined with the data 
  
54
provided by Pimblott and LaVerne [42], which contains the G-value for ion radiolysis of the 
Fricke dosimeter by protons as a function of particle energy to yield the differential G-value. 
The differential G-value was then fitted to a fifth order polynomial, allowing for values to be 
calculated at greater resolution. A radiolysis track average G-value spectrum was calculated 
taking into account the contribution of particles at that associated energy level, i.e. the 
integral of the area under the curve divided by the energy. The track average G-value was 
also fitted to a fifth order polynomial trend line. Combining the track average and differential 
G-values, the total molecules produced for one PKA resulting from a specific particle energy 
is found. Those results are then integrated with the spectrum of the PKA yielding the overall 
neutron G-value 7.19 molecules/100 eV. The G(Fe(III)) and recoil spectrum is shown in 
Figure 11. 
Figure 11 The G(Fe(III)) and recoil spectrum calculated by using MCNP5, NJOY, and IRT simulations 
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4.3 Measurement Techniques 
4.3.1 Spectrophotometric Techniques 
 A spectrophotometer analyzes the change in incident light intensity on a detector for a 
range of wavelengths yielding a spectrum. A baseline must first be taken with either no 
sample, or with a blank sample. This allows the spectrophotometer to identify how much 
incident light should be expected. If the machine’s baseline is no sample, a reading of the 
sample prior to irradiation must be taken. Since the equation depends on the change in 
absorbance and not total absorbance, the pre-irradiation reading is subtracted from the final 
reading. If Fricke samples are to be analyzed from the same batch, the unirradiated solution 
can be used as the machine’s baseline to eliminate the subtraction step.  
 When analyzing the resulting spectrum, it is customary to use the apex of a peak. 
Both MV and Fricke solutions have two peaks that can be analyzed. For smaller doses testing 
the sensitivity, the peaks with higher absorption coefficients (380 nm for MV, 204 nm for 
Fricke) can be used. For higher doses testing saturation, the peaks with smaller absorption 
coefficients (605 nm for MV, and 324 nm for Fricke) could be used as seen in Figure 12. If 
the absorbance is above the desired range, two things can be done, a shorter pathlength 
cuvette can be used (which was implemented with the MV) or the wavelength of interest can 
be moved off of the apex of peak. The absorption coefficients are constant throughout the 
spectrum, so one could move to either the side of a peak or even a trough if it provides a 
substantial signal.  
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Figure 12 A full MV spectrum plotted as absorbance versus wavelength. Three different wavelengths are 
identified for use with different amounts of dose. 
  
If the chemistry of the dosimeter is not stable, a time dependant curve can be 
generated by most spectrophotometers. A Hitachi U-1800 spectrophotometer was used in 
conjunction with UV Solutions software and a laptop. The software allows the user to 
perform time dependent scans by using the replicate function in which the user can specify 
the time between scans and the total number of scans. This feature was used when analyzing 
the short-term decay of the MV solution. 
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4.3.2 Neutron Activation Analysis (NAA) 
Neutron activation analysis was used to find the activity of the samples, while 
MCNP5 provided a multiplier for converting activity into absorbed dose. The MV samples 
were analyzed by counting the sodium activation provided due to the sodium formate buffer. 
The Fricke solution was also analyzed by the sodium activation of the sodium sulfate. The 
counting was done on a high-purity germanium detector which was energy calibrated using a 
Cs-137 and Co-60 source disc. The reactor lab has pre-calibrated coefficients for specific 
source geometries (i.e. 4 dram vial with 5 mL, 4 dram vial with 10 mL, a point source, etc) 
based upon the counting of a Europium source. Since the MV solution was counted directly 
in the quartz cuvette, a separate counting calibration was performed. A sodium solution was 
first counted in a known geometry (4 dram vial with 10 mL) at a specific position yielding 
the activity of the solution. That solution was then counted using the cuvette. With a known 
activity and known volume, a geometric efficiency was calculated for the cuvette. The 
counting error is less than 1% for all samples. Both the cuvette calibration and efficiency 
calculation can be found in section 8.2. The counting results are used in section 4.1.1 to find 
the neutron dose. 
 5 Results 
This chapter focuses on the characterization of both dosimeters using both calibrated 
and uncalibrated gamma sources as well as their validity in mixed radiation. The results from 
pure gamma sources such as G-values, linearity, stability, and dose limits are discussed to 
establish each detector’s limitations. Neutron, gamma and total dose are compared with 
MCNP simulations for different shielding configurations after results from chapter 4 and 
experimental gamma G-values are applied. Neutron-to-gamma ratios are used for analysis to 
eliminate the time dependence of the results. Reasons for differences between experiments 
and simulations are discussed with suggestions for remediation. 
5.1 Characterization of Dosimeter 
 When designing a new dosimeter, calibration is the most important step. Calibration 
can be accomplished by either giving the dosimeter a direct known dose, such as from a 
cobalt or cesium source previously calibrated, or by cross calibrating using a previously 
proven dosimetric technique, such as the Fricke dosimeter. The Fricke dosimeter was 
calibrated with our specific composition using the Co-60 calibration source from the 
University of Wisconsin Department of Medical Physics. Testing was done using the 
Linatron calibrated with the Fricke dosimeter.  
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5.1.1 Fricke Dosimeter 
5.1.1.1 Gamma G-value for Fricke solution  
The gamma G-values for both the Fricke and MV solutions have been found 
experimentally and computationally. The normal Fricke solution is considered a dosimetry 
standard, but by adding another chemical, sodium sulfate, for neutron activation analysis was 
necessary to confirm that the chemistry and therefore the G-value were not altered.  
For this series of tests, a set of cuvettes were irradiated at the UW Medical Physics 
Department cobalt gamma source. Eight cuvettes, four with standard Fricke solution and four 
with the sodium-doped Fricke solution, were place side-by-side in front of the aperture. All 
eight samples were given 40 Gy of dose. Two samples, one standard and one sodium doped, 
were taken out to be analyzed at 20 Gy intervals (40, 60, 80, and 100 Gy respectively).  
By doing the aforementioned irradiation cycle, a linear trend of optical absorbance 
versus absorbed dose (Figure 13) could be made. It is obvious that both trends are very 
linear, which is to be expected, but there are two results that were not as expected. We had 
expected both solutions to show identical results meaning that the addition of sodium sulfate 
did not affect the chemistry of the Frick solution. By the trends not having the same slope, it 
implies that the sodium sulfate does affect the chemistry of the solution.  
We had also expected the trends to have a zero intercept. That is expected since there 
is supposed to be a linear response to increasing dose and therefore no dose should result in 
no change in absorbance. The non-zero intercept can be explained by the accuracy of the 
spectrophotometer. The instrument has an inherent error of ± 0.002 absorbance units due to 
background light leaking in or the source light leaking out.    
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Figure 13 Linearity response of normal Fricke and sodium-doped Fricke solution using the Co-60 source 
at the UW-Medical Physics department. 
 
 Characteristic G-values can be calculated for both solutions. For higher accuracy, 
densities of both solutions were measured using a high-precision scale and an Eppendorf 
pipet. The density of the normal Fricke solution was 1.029 ± 0.0007 g/cm3 while the sodium 
doped solution was 1.030 ± 0.0009 g/cm3. Using the measured densities and the optical 
measurements, it was found that the measured gamma G-values were 15.15 ± 0.12 for the 
standard solution and 15.47 ± 0.07 for the sodium-doped solution. Our values match within 
3% of the values found in literature (15.5) [45].  
 Since the standard solution and sodium doped solutions yielded different G-values, 
another set of tests was conducted to see if the G-value depended upon the concentration of 
  
61
sodium sulfate. These tests were conducted using the Linatron. Eight different solutions were 
tested with sodium sulfate concentrations varying from 0 to 50 mM. For comparison to the 
Co-60 source, it was assumed that the standard Fricke solution had a G-value of 15.15. The 
results in Figure 14 show that there is a dependence upon sodium sulfate concentration. Since 
the results from the Linatron show a small dependence on sodium sulfate concentration, our 
experimental gamma G-values from the calibrated gamma source for a sodium concentration 
of 20 mM was used throughout this research. The fact that our experimental G-value differs 
slightly (<3%) from those published in literature was not of great concern since we were 
interested in the G-value of our solution. 
 
 
Figure 14 Plot of Fricke solution gamma G-value versus sodium sulfate concentration. Data from both 
the Co-60 gamma source and Linatron X-ray source are shown. The “Linatron Average” consists of five 
samples with three different doses. The “Co-60” consists of four samples with four different doses. 
 
  
  
62
5.1.2 MV Dosimeter 
5.1.2.1 Linearity of MV  
 In order for the dosimeter to be valid, it needs to have a linear response to exposed 
doses from the Linatron radiation, which was tested by varying the dose from 120 Gy up to 
1,000 Gy. For a dose rate of 63.45 Gy/min, an irradiation time of up to 16 minutes had to be 
used. This creates relatively large concentrations of MV.+ which would cause a large 
absorbance, but it is counterbalanced by the fact that a 1 mm pathlength cuvette was used in 
place of a 10 mm pathlength cuvette. The 1 mm pathlength cuvette was used for the 
irradiations inside the UWNR, and it was therefore used in the gamma irradiations to keep 
the dosimeter in the same geometry. A larger 10 mm pathlength cuvette can be used when 
analyzing smaller doses. As can be seen in Figure 15, a strong linear trend can be seen up to 
a dose of around 600 Gy.  
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Figure 15. Linearity of MV dosimeter. 
 Another property of dosimeter is there ability to accrue absorbed dose over multiple 
irradiations. This test was conducted with the Co-60 irradiator at the Notre Dame Radiation 
Laboratory with a dose rate of 15 Gy/min. For this experiment, the same cuvette was 
repeatedly irradiated five different times with a dose of 150 Gy. The earlier deviation from 
linearity seen in Figure 16 as compared to Figure 15 can be explained by the fact that the 
same sample was used repeatedly without allowing the solution decay to stability. This 
means that the fourth and fifth irradiation also had the hydrogen peroxide decaying the signal 
from the previous irradiations on a longer time scale as well as the shorter time scale decay 
of their own irradiations (see Section 0.5.0.0 for more explanation of hydrogen peroxide 
decay and post-irradiation stability). 
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Figure 16. Accumulation of dose response for MV.  
 
5.1.2.2 Range of Use of MV 
 Dosimeters are only valid for a certain range of doses. Four such dosimeters were 
mentioned above with their associated ranges. When it comes to personnel dosimetry, 
aqueous dosimeters are very poor at low doses since a large amount of energy must be 
deposited to cause a radiolysis event and many events must occur to have a readable result. 
The literature dose limits for the Fricke solution (40 – 500 Gy) are well established and 
therefore were not a main focus of this research. Most reported dose ranges are specifically 
for one type of radiation, not mixed-radiation. To compensate for this, the range of use will 
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be determined from the absorbance measurements. By using the absorbance measurements, 
this will allow each specific user to input the G-value and n/γ ratio of their radiation type and 
find the associated ranges (i.e. a saturation of 500 Gy from gammas is the same as 1080 Gy 
from neutrons).  
 The upper absorbance limit is assumed to be when the measurements deviate from its 
normally linear behavior. Referring back to Figure 15 in section 5.1.2, it can be seen that the 
measurements deviate at an absorbance of 0.35 for MV solution in a 1 mm pathlength 
cuvette. The shorter pathlength results in the chemistry to cause the upper limit instead of the 
high absorbance decreasing the efficiency of the spectrophotometer.  
 The lower absorbance limit can be found in a similar method to the upper absorbance 
limit. The lower limit was not analyzed to a great extent for this study due to the large doses 
being analyzed. If the lower limit were of interest, a 10 mm pathlength cuvette would have 
been used instead of the 1 mm pathlength cuvette due to its 10 times greater sensitivity. The 
lowest doses applied in this experiment were 50 Gy.  
5.1.2.3 Stability 
 An ideal dosimeter is stable both prior to irradiation as well as after irradiation. 
Stability prior to irradiation allows for the dosimeter to be manufactured or prepared in large 
batches prior to use. This would allow for the dosimeter to become economically 
advantageous if one wishes to mass produce them. It also allows for greater accuracy for 
solutions since larger batches allows for larger amounts of chemicals to be added instead of 
the fractions of milligrams that are usually called for batches that are made daily. The 
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dosimeter does not have to be truly stable as long as the trend of the dosimeter can be 
predicted and corrected/baselined when analyzing results.  
 Stability after irradiation can become a major factor when the irradiation period is an 
extended period of time (a month or a quarter of a year for personal dosimeters), it can also 
affect when and how a sample is analyzed. While TLDs show very good stability, many 
aqueous chemical dosimeter are lacking when it comes to post-irradiation stability. The 
Fricke dosimeter shows very good stability when the dosimeter is corrected for the natural 
increase in absorbance due to the spontaneous oxidation at a rate of 2x10-6 M/day. The signal 
from other aqueous solutions such as the iodide dosimeter tend to decay away until there is 
no signal or the signal becomes invalid due to uncertainties; this leads to the samples needing 
to be analyzed shortly after irradiation and to be decay corrected. The more the data has to be 
manipulated, the errors in a correlation increase and the confidence of the results decreases.   
Pre-irradiation storage 
 Methyl viologen solution can be prepared and stored well in advance. If the solution 
is made in bulk, the solution should be stored in a sealed glass container to be sealed to 
impede contamination by impurities. Air is a secondary concern at this point. The addition of 
oxygen actually resets the solution to the zero point and the oxygen can then be removed via 
the freeze/pump/thaw method mentioned in section 3.6. The glassware should be thoroughly 
cleaned before the solution is placed in the container. If a glass container is not available, the 
solution can be stored in a plastic bottle. This will allow oxygen and other gases to diffuse 
into the solution, but any gases can be removed with the freeze/pump/thaw method. Most 
importantly, it was necessary to keep any organic or inorganic impurities out of the solution 
since those are not removed via the freeze/pump/thaw method.  
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 Another form of storage can be to prepare numerous dosimeters at one time and store 
the dosimeters. The solution can be placed in sealed cuvettes with more confidence than 
storing bulk solution. Once the cuvette is sealed shut, no oxygen enters or leaves the solution 
which makes this the method of choice, but the price of cuvettes may lead one to storing bulk 
solution or making smaller batches as needed.  
Post-irradiation stability 
 Post-irradiation stability affects when and how samples are analyzed. Methyl 
viologen shows a slow decay, on the order of 10 hours (see Figure 17), before it becomes 
stable. Once it has reached the stable value, it does not decay any further and is stable for 
over two weeks (no samples were analyzed past two weeks since the cuvettes were needed 
for new samples). The initial decay is generally attributed to the following reactions [30],  
         
 
which has a  rate coefficient of 2 dm3 mol-1 s-1. The OHMV2+ from Eq. 24 is believed to then 
oxidize another MV+ [46]. Shiraishi saw a much larger decay, up to 30% of the initial signal, 
than the 20% that was seen by our tests. The larger decay is believed to be due to impurities 
in their system [46].  
2
2 2
2 22
M V H O O H M V O H
O H M V M V M V O H
• + • + −
• + • + + −
+ → +
+ → +
Equation 5-1 
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Figure 17 Time decay of MV. The solution becomes stable after an initial decay due to hydrogen 
peroxide. Larger decays are indicative of impurities in the solution 
  
 From the rate constant information for a 5 mM MV2+ and 20 mM sodium formate 
solution, it was calculated that the system should have G(MV+) = 7.08 and G(H2O2) = 0.67. 
This implies that the final stable yield is G(MV+) = G(MV+) – G(H2O2) = 7.08 – 0.67 = 6.41. 
This value is close to the value observed by Chitose in which he compared scavenger 
concentrations for a methyl viologen concentration of 0.5 mM. Their experiment yielded a 
G-value of 6.2 for a 0.5 mM MV, 20 mM sodium formate solution (the difference can be 
attributed to our larger concentration of methyl viologen) [5]. The MV gamma G-values were 
not consistent for this experiment and will be discussed more in the next section. 
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Figure 18  “Production of MV.+ in the γ-radiolysis of 0.5 mM methyl viologen and formate solutions as a 
function of formate scavenging capacity for OH radicals: this work and (▲) ref 7. The appropriate sum 
of the ferrous sulfate and formic acid product yields are (♦). The results of simulations are (□) for the 
total scavengable radical yield and (○) for MV.+ in the methyl viologen and formate system.” [5] 
5.1.2.4 Gamma G-value for MV  
 Two approaches were use to determine the gamma G-value for the MV dosimeter: 1) 
it was cross-calibrated with the Fricke solution and 2) simulated with a computer program. 
These two methods should yield the same value, the first attempt (Section 8.5) yielded results 
(Gγ = 4.45) that were 30% below simulated values (Gγ = 6.4). The lower experimental G-
value was determined to be from unidentified impurities in the sample. While efforts to 
reduce impurities did result in samples that required five times less pre-dose, reproducible 
results could not be obtained, see Table 3. The inconsistent results are believed to be due to 
the presence of impurities which are apparent due to the decay mention in section 5.1.2.3. 
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Since consistent results with a gamma source could not be obtained, only basic conclusions 
can be made. 
  
Table 3 Variance in G-value for MV dosimeter using the Linatron. MV samples were calibrated for total 
absorbed dose by positioning a Fricke sample beside. 
 Sample 1 Sample 2 Sample 3 Sample 4 
Run 1 5.19 5.23 5.56 6.64 
Run 2 4.50 4.41 4.50 4.86 
 
 
5.2 Mixed Radiation 
The mixed radiation experiments were conducted in the whale tubes of the UWNR.  
The Fricke samples were irradiated for 10 minutes in plastic scintillation vials while the MV 
samples were irradiated for 15 minutes directly in the quartz cuvette. A short cool down 
period was provided to allow any short-lived activation products to decay away. The MV 
samples could be read directly in the spectrophotometer, whereas the Fricke solution had to 
be transferred to a 1-cm pathlength UV quartz cell (see Appendix 8.4 for transferring 
procedure).  
The results from the spectrophotometer showed marked differences among the 
different shielding cases, seen in Figure 19. The results from the spectrophotometer contain 
both gamma and neutron radiolysis which results in the same products and cannot be 
separated without using another method. Each type of radiation has its own respective G-
value. The different G-values mean that the optical densities cannot be compared directly to 
the total dose. Since the gamma G-value is almost double the calculated neutron G-value, the 
gamma dose is the dominating factor in the absorbance measurements. As seen in Figure 19, 
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the trend is not consistent between the absorbance and the predicted dose due to water 
shielding. To analyze the results more, the neutron and gamma dose must be separated.  
 
Figure 19 Comparison of total absorbance observed by the spectrophotometer and the total dose [Gy] 
predicted by MCNP5. All Fricke irradiations were done in whale tube C8 except for one shielding (air) 
was done in both E8 and C8. 
 
 
5.2.1 Fricke Neutron Dose 
 Using the procedure outlined in section 4.1.1 and the neutron G-value from section 
4.2.2, the total neutron dose was found. The neutron dose was consistent among all of the 
shielding configurations with air having the highest dose due to a larger fast neutron flux and 
water having the lowest flux due to the moderation provided by the water. The measured 
activity, MCNP conversion factor, and neutron dose values can be seen in Table 4 and Figure 
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20. To convert the dose rate calculate by MCNP into a total dose requires normalizing by the 
power level and multiplying by the irradiation time. The timing error can be up to 10% due to 
the short irradiation time of 10 minutes coupled with the slow sample delivery time (1 minute 
round trip) of the whale tube. The power level error can be up to 10% due to the operator 
manually correcting for the insertion of a void next to the core. Since the error is not well 
established a total error of 10% was assumed. 
 
 
Figure 20 Neutron Dose observed in the UWNR compared to that predicted by MCNP for each type of 
shielding. 
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Table 4. Table of measured activity of Na-24, the MCNP conversion factor for activated atoms to 
absorbed dose, and the total dose absorbed due to neutrons. 
 
 
 
 
 
 
 
 
5.2.2 Fricke Gamma Dose  
 The aforementioned neutron dose is subtracted out from total dose to find the gamma 
dose following the procedure described in section 4.1.2.  
 
Figure 21 Comparison of measured gamma dose [Gy] from the UWNR and the predicted dose [Gy] from 
MCNP. 
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E8 15153.69 1.05E+23 235.5
C8-air 13545.58 1.13E+23 216.6
C8-water 14167.06 8.49E+22 170.5
C8-graphite 12493.13 1.06E+23 186.0
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 The measured and predicted gamma doses can be seen in Figure 21. The predicted 
gamma dose is not a pure MCNP calculation. The predicted dose is found by dividing the 
measured neutron dose by the neutron/gamma ratio predicted by MCNP. This removes the 
timing and power lever error because the neutron/gamma ratio is constant. For four out of 
five environments, the measured gamma dose from the UWNR is higher than that predicted 
by MCNP. It was expected that MCNP would under predict the gamma dose because that 
trend had been seen in previous experiments [9, 49]. The large difference between the 
measured and predicted dose for water compared to the other shieldings suggests that some 
reaction is taking place either within the sample irradiations or between the experiment and 
the simulation. 
    
5.2.3 Fricke Neutron/gamma ratio  
Neutron to gamma ratios are useful for comparison to simulations because the dose 
ratio (measured) and dose rate ratio (simulated) are both insensitive to errors in the 
irradiation times and power level. The neutron to gamma ratios can be seen in Figure 22. The 
measured ratios are always lower than those predicted by MCNP, this can mean either there 
is more gamma dose being deposited in the sample or there is less neutron dose being 
deposited that predicted. But as said before, MCNP is assumed to be valid for neutrons, so 
that implies that MCNP under predicted the gamma dose. The lack of reproducibility is due 
to errors in irradiation time and reactor power level.  
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Figure 22 Neutron to gamma ratio for the measured results from the UWNR and those predicted by 
MCNP. 
 
 The trend for MCNP under predicting gamma doses has been seen in this experiment 
as well as others [9], but the magnitude of the difference is not consistent. It can be seen 
more easily with a ratio of the predicted and measured gamma dose seen in Figure 23. While 
the ratio is always less than 1, implying more observed gamma dose, the ratio varies quite a 
bit from air, or essentially no shielding, to lead shielding. This once again implies an 
underlying factor that has not been accounted for which will be discussed in section 5.3.  
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Figure 23 Ratio of predicted gamma dose to measured gamma dose. 
 
  
5.2.4 Methyl Viologen Mixed-Field 
Since reproducible gamma results that matched simulation or literature were not 
obtained, in depth analysis of mixed-radiation fields could not be done. From a proof of 
principle perspective, a large difference can be seen between the air and lead shielding which 
implies that MV can differentiate between different mixed-radiation fields. The neutron 
activation does not depend upon the chemistry or G-values of the solution, so a brief 
comparison to the Fricke solution can be made. 
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Figure 24 Optical measurements from the spectrophotometer. 
 
 
The measured activity for the Fricke solution and MV solutions can be seen in Table 
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because the water is able to thermalize more neutrons before they reach the sample. The 
higher air activity for Fricke as compared to the MV is due to the longer path length of the 
Fricke samples. Neutrons are moderated in the Fricke samples at a much higher fraction than 
the thin MV samples. This means that the MV could differentiate mixed radiation 
environments similar to the Fricke if clean samples could be prepared.  
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Table 5 Raw data for activity for MV and Fricke samples run in the UWNR. The data is then normalized 
to the respective water activity to evaluate the trends. 
 MV [E8] Activity 
Fricke [C8] 
Activity 
MV Activity 
Normalized 
Fricke Activity 
Normalized 
Air 1063.59 13545.58 0.81 0.96 
water 1315.00 14167.06 1.00 1.00 
graphite 1128.25 12493.13 0.86 0.88 
lead 1071.87 12599.84 0.82 0.89 
 
5.3 Differences between MCNP5 and UWNR  
Knowing that MCNP was missing a large portion of the fission gammas (delayed), 
MCNP was focused on to find out what it modeled, what it modeled poorly, and what it did 
not modeled at all. It was believed that almost half of the fission gammas were delayed 
gammas, but the energy spectrum of these gammas was not known. If the delayed gammas 
were all of low energy, the dose deposited to water would be minimal.  
Focusing on the differences associated with gammas, four different sources were 
identified:  
1) prompt gammas from fission,  
2) delayed gammas from fission,  
3) prompt gamma release from a neutron absorption,  
4) decay of activation products.  
MCNP only models prompt gammas from fission and neutron absorption and all samples 
would have the same amount of delayed fission gammas prior to the shielding. The shielding 
would have some effect on the fraction of delayed fission gammas seen by the actual sample, 
but would also have differences in activation sources. The four sources can be seen in 
Equation 5-2, where S is the source term and γ is a transmission/deposition coefficient. 
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Equation 5-2 
mactivationactivationmabsorptionabsorptionmdelayeddelayedmpromptprompt SSSSD ,,,, γγγγγ ⋅+⋅+⋅+⋅=  
The lead shielding saw the largest increase in measured gammas compared to the 
predicted gammas. Since lead was inserted to block out as much of the fission source 
gammas as possible, it was assumed that a large majority of the delayed gammas were 
shielded compared to the other shieldings. With the delayed gammas shielded and both the 
prompt gammas and neutron absorption reactions modeled, it was postulated that the excess 
gammas were from short lived activation products. The main activation product of concern is 
Pb-207m, which has a half life of less than one second. Because of the short half-life, the 
activation is not of concern when it comes to handling the sample since it has decayed by the 
time it reaches the pool top.  
The Pb-207m contribution can be estimated from the known neutron flux. The 
reaction is an inelastic scatter event with a fast neutron. The saturation activity of lead is 
calculated by Equation 5-3, where NA is the number of atoms. With an inelastic cross section 
of 0.352 barns and a fast flux of 4 x 1012 n/cm2s, the saturation activity is 9.055 x 108 
disintegrations/s/g/MW. Pb-207m emits 1.5 MeV per disintegration which means that PB-
207m releases 0.72 mJ/s while MCNP predicts 251 mJ/s from the core. While that may seem 
like a small fraction, that is only one reaction for one isotope so that fraction will increase 
when all reactions for all isotopes are taken into account. 
Equation 5-3 
Asat NA ⋅⋅Φ= σ  
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6 Summary and Comments 
6.1 Summary 
This research set out to develop an aqueous chemical dosimeter valid for a variety of 
mixed-radiation fields. The primary focus began on developing the MV dosimeter because it 
has distinct advantages over the Fricke dosimeter, 1) radiolysis products are in the visible 
range and 2) it can handle higher doses, but the Fricke dosimeter is much easier to handle 
than the MV dosimeter. The chemistry involved in the MV dosimeter is so sensitive that 
consistent, reproducible results proved difficult. This calls in to question the utility of an MV 
dosimeter.  
The Fricke dosimeter is well documented as a gamma dosimeter, but has not been 
utilized to the same extent for mixed-radiation fields. The Fricke dosimeter was slightly 
modified by adding sodium sulfate to serve as an isotope for neutron activation analysis. 
Because the chemistry was changed slightly, the new chemistry was recalibrated. The 
difference between the standard solution and sodium-doped solution was minor (<3%), so the 
neutron G-value for the standard Fricke solution was used for the sodium-doped version.  
This experiment was consistently able to give the same n/γ results to within 7% over a 
number of days for a variety of shielding configurations. First, the n/ γ  ratio is insensitive to 
timing/power level issues, to at least first order because the neutron dose and gamma dose 
vary in the same way with the imprecision in irradiation timing/power.  There is a clear 
indication of being able to measure a repeatable n/ γ  ratio with the Fricke dosimeter.   
In separating the dose numbers, there are a number of parameters that were used.  
Many of these may require further investigation, but if we assume that the MCNP activation 
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to neutron dose conversion is correct (within 2%), then the most uncertain parameters are the 
G-values. The gamma G-value has been well established and reconfirmed with high 
precision. The neutron G-value was calculated with a long list of simulations and 
mathematical processes with minimal uncertainty (<2%). If the flaws with the irradiation 
facility could be removed, it would be possible to measure separate neutron and gamma 
doses with an accuracy of 2%. The Fricke dosimeter was sensitive enough to identify missing 
source terms in MCNP5 and its chemistry is robust, it is therefore considered the ideal 
dosimeter for mixed-radiation.  
The goal of this research was to develop a method to use an aqueous dosimeter in a 
mixed radiation field, which was accomplished with a sodium-doped Fricke solution. The 
dosimeter was able to distinguish between neutron radiolysis and gamma radiolysis by using 
neutron activation analysis and an MCNP correction factor. The method found that MCNP 
can be used for accurate neutron simulations but needs additional modeling to accurately 
predict gammas. A neutron G-value was developed by combining proton radiolysis and the 
computer codes MCNP and NJOY. 
6.2 Comments on Future Work 
This work can be continued in many directions. If the MV dosimeter is to be pursued 
further, it must first be reproducible and consistent. This experiment was greatly hampered 
because clean samples were not created. Once the sample preparation has been determined, a 
similar experimental matrix can be followed. The MV neutron G-value should also be 
confirmed by a similar method to that used by the Fricke neutron G-value.  
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The Fricke dosimeter’s continued testing in mixed-radiation fields would allow the 
dosimeter’s response to be mapped more precisely. To do this, tests could include more 
samples at the same position and power level, as well as samples positioned above the core 
centerline. By switching the positioning of the samples, not only will the n/γ ratio change, but 
it will allow the reactor power to be increased to reduce the fraction of decay gammas. The 
irradiation facility could be switch to the rabbit tube that would reduce the large uncertainties 
associated with timing and power level.  
A more rigorous calibration needs to be performed due to the limitations of MCNP.  
Another method may need to be implemented to find the amount and/or the energy of the 
decay gammas that are not included from fission. Any simulation must contain all of the 
possible gamma sources for an accurate representation. Any material near the sample 
(including the aluminum from the whale tube, different materials for shielding, and material 
used to hold the solution) needs to be analyzed for neutron reactions. While activation is 
modeled by MCNP, the decay of that activated atom is not and therefore a separate source 
term will need to be added.  
If the MV dosimeter is not pursued, a different dosimeter, preferably an aqueous 
dosimeter, should be used for comparison to the Fricke dosimeter. The second dosimeter 
would allow the measured n/γ ratio to be confirmed. The new dosimeter would also require 
similar MCNP models and neutron G-value calculations as those done for the Fricke 
dosimeter, but the extra work may confirm the Fricke results as well as the methodology for 
separating neutron and gamma dose in mixed field radiation. Utilizing the large amount of 
data from the SCWE and the robust nature of the Fricke dosimeter, a modification could 
allow for Fricke solution to be used in the SCWE and cross-calibrate both data sets. 
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8 Appendix 
 The following appendices provide supporting material for this experiment. 
 
8.1 Safety Analysis 
 A safety analysis was made prior to running the experiment in the UWNR to show 
that there were no issues pertaining to thermodynamics, reactivity effects, or radioactivity. 
Many of the limiting cases examined were worst case scenarios, i.e. the sample was left in 
the whale tube all day, reactor power increased while sample still in place, etc.  
8.1.1 Thermodynamics Safety Analysis 
 A detailed anaylsis of the thermodynamics of the entire whale canister was performed 
using energy deposition numbers from the SCWE [9]. No heat producing chemical reaction 
will take place in the sample, only radiolysis of the water and scavenging of the aqueous 
electrons. Therefore, the only heat generation will come from gamma and neutron 
interactions (heating).  The heating rates are given in Table 6.  
Table 6 Heat Generation Rates at full power. 
Reaction Heat Generation Rate 
[1017 eV/g/s] 
Total 
[Watts per 4.5 gram] 
Total Neutron Heating 1.87             [9] 0.43 mW 
Gamma Ray Heating 7.30             [9]  1.91 mW 
Total  2.34 mW 
 
Thermal analysis has been conducted for scenarios using both the polyethylene whale 
tube canister and a custom aluminum canister. Temperatures for six steady-state scenarios 
are shown below, all of which contain a sample in a quartz cuvette: 
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Case 1 – air shielding, polyethylene canister (dry whale) 
Case 2 – water shielding, polyethylene canister (wet whale) 
Case 3 – lead shielding, polyethylene canister (dry whale) 
Case 4 – air shielding, aluminum canister (dry whale) 
Case 5 – water shielding, aluminum canister (wet whale) 
Case 6 – lead shielding, aluminum canister (dry whale) 
Different thicknesses of lead were not analyzed because these results will be bounded 
by the all water and all lead cases (max lead of 1.362kg). All temperatures are in degrees 
Celsius. Since gamma heating is greater than thermal neutron heating and the centerline 
temperature does not approach boiling, heat generation was not analyzed with graphite. 
Table 7 Conditions for Simple Thermal Analysis 
Dimensions 
R0 = 0 [m]            
R1 = 0.005 [m]          
R2 = 0.006 [m]          
R3 = 0.02337 [m]      
R4 = 0.02515 [m]  
 
Thermodynamic Constants  
[[24]] 
k(H2O) = 0.6 [W/m/K] 
k(SiO2) = 1.05 [W/m/K] 
k(Poly) = 0.08 [W/m/K] 
k(Pb) = 35 [W/m/K] 
k(Al) = 204 [W/m/k ]               
Boundary Conditions 
Q1 = 2.34 [mW] 
hw = 10,000 [W/m2/K] 
Tout = 54.4 [C] 
Q2 = 65.7 [mW] 
QPb = 0.581 [W] 
 
Equation 8-1 through Equation 8-5 were used with the values given in Table 7 for 
determining temperatures for a whale canister filled with additional material, water, lead, or 
graphite. They incorporate heat generation in two volumes, whereas when air is present, it is 
a simple cylindrical heat conduction system.  The computer programs EES and FEHT were 
used to determine the temperatures. Equations below are for case 5; the other cases are 
similar but with appropriate conductivities and heat generation terms.  The calculated 
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temperatures are shown in Table 9.  Figure 25 and Figure 26 illustrate the location of 
materials and temperatures. 
 
Equation 8-1 
Tcl,7  – T1,7   =  qdp  · 
r1
2
4  · kw    
Equation 8-2 
T1,7  – T2,7   =  qdp  · 
r1
2
2  · kqu
 · ln
r2
r1    
Equation 8-3 
T2,7  – T3,7   =  qdp2  · 
r3
2  – r2
2
4  · kw
 – qdp  · r2
2  · 
ln
r3
r2
2  · kw
 + qdp  · r1
2  · 
ln
r3
r2
2  · kw    
Equation 8-4 
T3,7  – T4,7   =  qdp2  · 
r3
2  – r2
2
2  · k4
 + qdp  · 
r1
2
2  · k4
 · ln
r4
r3    
Equation 8-5 
T4,7  – To   =  
qdp2  · ( r3
2  – r2
2 )  + qdp  · r1
2
2  · r4  · hw    
Table 8 Temperature [oC] for the different layers and cases at 3.3 kW steady-state. 
 
 
Case # Tcl T1 T2 T3 T4 
1 54.63 54.63 54.63 54.4 54.4 
2 54.64 54.64 54.64 54.53 54.4 
3 55.53 55.52 55.52 55.51 54.4 
4 54.63 54.63 54.63 54.4 54.4 
5 54.51 54.51 54.51 54.4 54.4 
6 54.42 54.42 54.41 54.4 54.4 
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Figure 25 Diagram of irradiation assembly for thermal analysis. 
 
  
 
Figure 26 Diagram of irradiation assembly designating temperature positions. 
 
When utilizing a different wavelength, higher powers can be used due to a decrease in 
the absorption coefficient. Full power cannot be used due to thermodynamic concerns, but it 
can be safely raised to 500 kW. When going up to 500 kW, only air and water were 
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considered for moderation. Temperatures for two steady-state scenarios are shown below, all 
of which contain a sample in a quartz cuvette (Table 9): 
Case 1 – air shielding, polyethylene canister (dry whale) 
Case 2 – water shielding, polyethylene canister (wet whale) 
Table 9 Temperatures [oC] for the different layers and cases at 500 kW steady-state, only air and water 
would be used. 
Case # Tcl T1 T2 T3 T4 
1 89.87 89.34 89.23 54.98 54.4 
2 91.03 90.5 90.39 73.9 54.48 
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8.1.2 Reactivity Effects 
A detailed analysis of the effect of the sample on the operability of the UWNR was 
done for all shielding. The keff was analyzed in MCNP5 using the script written by Paul 
Humrickhouse with cells added in for the irradiation assembly. The change in reactivity can 
be seen in Table 10. 
 
Table 10 Results from MCNP5 runs with different materials in moderation area. 
 keff error 
Air 1.000072 8.73E-05 
Water 0.99993 8.81E-05 
LeadA 0.999982 8.42E-05 
LeadB 1.00021 9.28E-05 
GraphiteA 1.000054 8.66E-05 
GraphiteB 1.000058 9.24E-05 
 
 
Replacing the entire grid position E8 with a void inserts -0.198% reactivity according 
to the UWNR Operator Information Handbook [50].  Replacing grid position E8 with a 
graphite reflector inserts 0.180% reactivity.  Both of these reactivity effects are well below 
the 0.7% reactivity limit for an unsecured experiment.  The whale sample is considerably 
smaller than an entire reflector which will lead to even smaller reactivity effects. 
8.1.3 Radioactivity Produced 
A detailed analysis of radioactive products was performed on the solution, the 
cuvette, and shielding. The following list of radioactive materials, Table 11, assumes a 33 
minute irradiation of the 4.5 mL sample and shielding at 3.3 kW.  The actual irradiation 
time was 15 minutes, so assuming 33 minutes overestimated the activities produced by 
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120%.  Decay time was 5 minutes for most calculations.  As shown by the total dose rate for 
the aluminum can, if that  method was used, a decay time of 60 minutes would be 
implemented to reduce the dose rate to 2.4 mR/hr received by the reactor staff.  When the  
lead shielding was used, a decay time of 15 minutes would be used to reduce the dose rate to 
19.3 mR/hr. 
Most of the radioactivity associated with the different shielding are due to impurities 
in the material. The impurities for lead were determined through neutron activation analysis 
and can be seen in Table 12 [9]. After conducting experiments, it was found that the lead 
shielding had much lower activity than predicted (Table 14) to higher purity lead. The 
analysis of the graphite shielding was aided by a list of impurities provided by the 
manufacturer (Table 13). Graphite activities can be seen in Table 15.  
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Table 11 Radioactivites of specific isotopes in the irradiation assembly after 33 minute irradiation at 3.3kW. Masses are the maximum amounts. 
The rest of the activities due to impurities in the lead and graphite can be found in appendix A. 
 Element Mass Isotope Type of Radiation Activity at end of irrad. 
Activity at pick 
up [5 min] 
Dose rate at 1 foot at end 
of irrad. 
Dose rate at 1 foot at pick 
up 
  [grams]   [mCi] [mCi] γ [mr/hr] γ + β [mr/hr] γ [mr/hr] γ + β [mr/hr] 
N 2.27E-07  N-16 
β (10,419 keV) 
γ (6,128 keV) 6.54e-7 0.00 2.40e-5 6.49e-5 0.00 0.00 
O 4.00E+00  N-16 
β (10,419 keV) 
γ (6,128 keV) 1.09e-3 0.00 3.99e-2 1.08e-1 0.00 0.00 
 8.19E-03  O-19 
β (4,821 keV) 
γ (197 keV) 5.23e-5 2.30e-8 6.18e-5 1.57e-3 2.71e-8 6.91e-7 
Na 1.03E-03  F-20 
β (5,390 keV) 
γ (1,633 keV) 5.81e-6 0.00 5.70e-5 2.45e-4 0.00 0.00 
 1.03E-03  Na-24 
β (1,390 keV) 
γ (2,754 keV) 3.22e-4 3.20e-4 5.31e-3 8.00e-3 5.29e-3 7.97e-3 
 1.03E-03  Ne-23 
β (4,376 keV) 
γ (440 keV) 1.47e-5 5.50e-8 3.89e-5 4.26e-4 1.45e-7 1.59e-6 
Cl 3.75E-05  Cl-38 
β (3,473 keV) 
γ (1,442 keV) 1.13e-4 1.03e-4 9.78e-4 3.34e-3 4.73e-4 1.61e-3 
S
o
l
u
t
i
o
n
 
 3.75E-05  S-37 
β (1,761 keV) 
γ (3,103 keV) 8.62e-8 4.35e-8 1.61e-6 2.52e-6 2.97e-6 4.66e-6 
O 2.40E+00 N-16 β (10,419 keV) γ (6,128 keV) 5.29e-4 1.14e-16     
  O-19 β (4,821 keV) γ (197 keV) 3.06e-5 1.35e-8     
Si 2.10E+00 Al-28 β (2,862 keV) γ (1,778 keV) 1.65e-3 3.50e-4     
C
u
v
e
t
t
e
 
  Si-31 β (595.6 keV) γ (1266 keV) 2.07e-2 2.02e-2 
0.0 
[quartz total] 
0.1 
[quartz total] 
0.0 
[quartz total] 
0.1 
[quartz total] 
Al 2.89E+02  Al-28 
β (2,862 keV) 
γ (1,778 keV) 1.33e+3 
1.08e-5 
[decay 60 min] 1.42e+4 5.13e+4 
1.16e-4 
[decay 60 min] 
4.19e-4 
[decay 60 min] 
A
l
u
m
i
n
u
m
 
C
a
n
i
s
t
e
r
 
 2.89E+02  Mg-27 
β (1,765 keV) 
γ (910 keV) 8.99 
8.13e-2 
[decay 60 min] 4.91e+1 1.90e+2 
6.07e-1 
[decay 60 min] 
2.35 
[decay 60 min] 
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 2.89E+02  Na-24 
β (1,390 keV) 
γ (2,754 keV) 3.97e-2 
1.73e-2 
[decay 60 min] 6.43e-1 9.74e-1 
6.14e-1 
[decay 60 min] 
9.30e-1 
[decay 60 min] 
Table 11 cont. 
           
Pb 3.28E+02  Pb-207m γ (1,633 keV) 2.61e+1 0.00 2.55e+2 2.55e+2 0.00 0.00 
Sb 1.17E-03  Sb-124 
β (918 keV) 
γ (1,691 keV) 5.68e-6 5.68e-6 5.76e-5 8.89e-5 5.76e-5 8.89e-5 
L
e
a
d
 
S
h
i
e
l
d
 
(
o
t
h
e
r
 
i
m
p
u
r
i
t
i
e
s
 
c
a
n
 
b
e
 
f
o
u
n
d
 
i
n
 
t
a
b
l
e
 
1
0
)
 
 1.56E-03  Sb-122 
β (771 keV) 
γ (564 keV) 2.42e-4 2.41e-4 8.18e-4 1.94e-3 8.17e-4 1.93e-3 
 
In 0.2 
In-114m 
In-114 
In-116m 
 
4.97e-5 
4.91e-1 
73.9 
4.96e-5 [6 hr decay] 
0.00 [6 hr decay] 
7.38e-1 [6 hr decay] 
995 
[total In] 
1140 
[total In] 
9.9 
[decay 6hr] 
11.4 
[decay 6hr] 
 Total Dose Rate @ 1 foot [mr/hr] (Al can w/ Pb no In)   [decay 60 min] 1.45e+4 5.17e+4 5.06 8.14 
 Total Dose Rate @ 1 foot [mr/hr] (Poly can w/ Pb no In) [decay 15 min] *see Table 10 for impurities 3.30e+2 2.31e+3 12.14 24.17 
 Total Dose Rate @ 1 foot [mr/hr] (Poly can w/ Graphite no In) [decay 5 min] *see Table 11 for impurities 0.84 1.6 0.3 0.6 
 Total Dose Rate @ 1 foot [mr/hr] (Poly can w/ no In) 4.64e-2 2.21e-1 6.19e-3 1.10 e-1 
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Table 12 List of Impurities found in Lead by NAA [[9]]. 
 
 
 
 
Table 13 List of Impurities found in Graphite by “emission spectrography and atomic 
 absorption analysis” [[36]]. 
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Table 14 Activities of the lead impurities at 3.3 kW for 15 minutes with a decay of 15 minutes. Total is 
included in Table 11above. 
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Table 15 Activities of the graphite impurities at 3.3 kW for 15 minutes with a decay of 5 minutes. Total is 
included in Table 11 above. 
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8.2 Neutron Counting Calibration 
In order to do the neutron activation analysis, a high-purity germanium detector is 
used to count disintegrations. Depending upon the geometry, the position, and the energy of 
the disintegrations from the source, the detector has a specific efficiency. The efficiency is 
found by counting a Eu-152 source and analyzing the 10 peaks. An inverse quadratic, energy 
dependent equation is fitted to those 10 peaks and allows for the efficiency to be calculated at 
any energy, see Figure 27. That method becomes less accurate at energies greater than 1000 
keV. An error up to 10% can be expected, see Figure 28. Since the decays associated with 
Na-24 have a characteristic energy of 1368.6 keV, a new efficiency correlation was 
performed. 
 
Figure 27 Plot of the 10 peaks for a Eu-152 source with the fitted curve. 
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Figure 28 A zoom-in view of the fitted curve around the energy range of interest. Notice the difference 
between the curve and the data points. 
 
The new efficiency was found by analyzing only the nearest 3 peaks (964, 1112, and 
1408 keV). A new inverse quadratic formula was determined and can be seen in Figure 29. 
The calculated efficiency has increased from 0.892% to 0.953% by using the new method.  
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Figure 29 Plot of the new inverse quadratic formula using only the nearest 3 data points to the 1368.6 
keV peak observed for Na-24. 
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8.3 Error Analysis 
Error propagation was done using the RMS method.  
8.4 Sample Transfer Procedure After Irradiation 
Supplies to have on hand: 
- 4 dram vial 
- 4 dram vial holder 
- plastic bags and ties 
- cuvette  
- cuvette holder 
- pipette and tips 
1) Bring whale canister to fume hood in Rad Sample handling room. Wear latex gloves and 
safety goggles. 
2) Turn on fume hood (light and fan), check air flow and lower sash. 
3) Open Whale canister in fume hood. 
4) Pull out plastic scintillation vial, unscrew sample cap. Place scintillation vial into 4 dram 
holder. 
5) Pipette 3 mL of solution into the cuvette with eppendorf pipette (volume on pipette 
reading should be set to 1003). Move cuvette from cuvette holder to spectrophotometer and 
begin reading. 
6) Pipette 5 mL of solution from scintillation vial into 4 dram vial. Place vial in plastic bag 
and tie shut with twisty tie. Count on HPGe by placing into 4 dram vial holder. 
Disposal 
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1) Dump cuvette contents and any remaining in scintillation vial to the hold tank. 
2) Open 4 dram vial inside of plastic bag to eliminate splatter and pour to the hold tank. 
3) Rinse all vials and cuvettes in rad sink.  
4) Scintillation vial,  4 dram vial, and pipette end piece are to be counted and disposed of 
accordingly.  
Note: Spill kit located in Reactor Lab “Decon/Safety/First Aid” Cabinet. 
Note: Due to the small quantities of solution being handled, spills can be cleaned up with a 
Wyp-all and then swiped to check for contamination. Wyp-all will be frisked to determine if 
it needs to be placed in the rad-trash. 
 
8.5 Unsuccessful Sample Preparation 
 The methyl-viologen scavenging system involves very sensitive chemical reactions. 
In order to have valid, reproducible results, the entire system must be very clean and pure. 
Every step in the sample preparation procedure must be kept clean and only use high purity 
substances.  
 The methyl-viologen solution is mixed manually on site. The water used for the 
solution is purified through a Barnstead E-pure de-ionizing system that is fed with water fed 
through a reverse osmosis membrane, which substantially removes organics. The 
pretreatment filter is a Barnstead Brand Colloid and Organic removal cartridge (D0835). It is 
then fed through one high capacity deionizer (D0803) and two Barnstead Mixed Bed 
Deionizer filters (D5027). The chemicals used in this system were purchased from Sigma-
Aldrich. The sodium formate used was BioChemika Ultra, ≥99.0% (NT) produced by Fluka. 
  
105
The methyl-viologen used was Methyl viologen dichloride hydrate, 98% produced by 
Aldrich.  
 The quartz cuvettes also need to be kept clean to minimize impurities in the system 
and to give accurate readings with the spectrophotometer. The cuvettes were purchased from 
NSG Precision Cells, Inc. in Farmingdale, NY. They originally came with a fill tube that was 
quartz graded into borosilicate glass. They were then given to a local glass blower that 
replaced the graded fill tube with a quartz fill tube, which was purchased from Technical 
Glass Products, Inc. of Painesville Twp., OH. The quartz cuvette can be reused by welding a 
new fill tube on, all replacement fill tubes were welded personally. The cuvettes were first 
cleaned using a standard cuvette cleaning solution from Starna Cells, Inc. The cleaning 
solution was diluted by mixing 2 drops per milliliter of de-ionized water. The cleaning 
solution was placed in the cuvette for atleast five minutes. The cuvette was then rinsed four 
times with de-ionized water to remove all of the cleaning solution and any particles. The 
cuvette was then heated slightly (much less than the melting point of quartz) to vaporize any 
residual water in the cuvette.  
 Since the system is very sensitive to any oxygen, the solution must be de-oxygenated. 
To do this, a stainless steel bubbling apparatus was made. The bottom plate utilizes a piece of 
sintered stainless steel to allow gases to be bubbled through. Stainless steel tubing connects 
the bubbler to a flowmeter which is connected to the gas cylinder. The gas that was used for 
this experiment was ultra-high purity helium (UHPHe). (Note: other pure gases could be 
implemented after being examined first, but this was not considered part of the test matrix, 
see section 3.6). Stainless steel Swageloks were used to connect the tubing.  
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 The cuvette was then evacuated of atmosphere. This was done by inverting the 
cuvette and placing it on a stainless steel tube was purchased from McMaster-Carr. UHPHe 
was flowed into the cuvette and removed the atmosphere since the atmosphere is denser then 
helium. Solution was then extracted from the bubbling unit by inserting a sterile syringe 
through the latex plug on the lid of the bubbling unit. The syringe needle was then inserted 
into the fill tube of the cuvette while it is still inverted. The helium flow to the cuvette is 
stopped and the cuvette is lifted slightly until the syringe needle is above the helium needle. 
The solution was then injected until the solution creates a diaphragm in the fill tube. Then the 
cuvette is held upright and filled with the solution.  
 The cuvette is then placed into a Swagelok connection on the vacuum/sealing 
apparatus. A second stainless steel needle with UHPHe flowing through it is then lowered 
through a latex diaphragm. A vacuum pump is then turned on to evacuate the cuvette of any 
atmosphere besides the UHPHe. The tube is the heated slightly to vaporize any excess 
solution and any solution on the tube walls where the seal is to be made. The needle is then 
extracted to above the sealing position but UHPHe is stilling flowing. With the vacuum 
pump running and UHPHe flowing, the tube is heated to allowing for localized quartz 
melting which allows for the tube to be twisted and sealed shut. The cuvette is now ready for 
the irradiation. (Note: this procedure was thought to have failed due to inherent impurities in 
the sintered stainless steel bubbler). 
 
  
